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A bstrac t
A catalogue o f f a in t  b lue s ta rs  a t the North 
Galactic  Pole, compiled from the l i t e r a t u r e ,  is  
presented. Spectral c la s s i f ic a t io n s  fo r  catalogue stars  
w ith in  3° o f  the pole have been oDtained from U.K.S.T. 
o b je c t ive  prism and St.Andrews grisrn p la tes .
Photometric data on the uvbyp system is  presented 
fo r  572 U-F8 s ta rs  a t the South Galactic  Pole, w ith  
rad ia l v e lo c i t ie s  being given fo r  161 o f  these s ta rs .
From th is  South G a lactic  Pole data the i n t e r s t e l l a r  
reddening towards the Pole is  shown to  be n e g l ig ib le ,  
in  agreement w ith  the f in d in g s  o f o ther authors. A 
number o f p h o tom e tr ica l ly  odd s ta rs  are iso la ted , 
in c lu d in g  several in te rm ed iate  Population I I ,  Population 
I I  and Am s ta rs .
From a va ila b le  data a t  both Poles the re la t iv e  
p roportions o f  various popu la tion  groups as a func tion  
o f  he ight are discussed. There is  an apparent excess o f 
PI A over 1PII s ta rs  out to  Ik p c . ,  r e la t iv e  to  the 
numbers expected on the basis o f the ' th ic k  d isk ' o f 
iP I I  s ta rs  reported by Gilmore and Reid (1983).
The w-veTocity d is t r ib u t io n s  o f Pop.I A and F s ta rs  
w ith in  200pc. o f  both Poles are shown to  be well f i t t e d  
by gaussians and these gaussians are shown to  be the
same fo r  both Poles. The Pop.I A s ta rs  are shown to  have
—.1 „  *1a mean w -ve lo c ity  o f  Ü.6 kms (rms l i . l  kms. ) and the
corresponding F s ta rs  to  have a mean w -ve lo c ity  o f -2.9
kms^ (rms 1Ü.9 kms^), impl'
through the g a la c t ic  plane.
«1 —1 " s ly ing n e g l ig ib le  net streaming
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Chapter 1 
In trod u c tio n
In  order to see c le a r ly ,  i t  is  necessary to walk in the
dark, w ith both eyes shut
St.John of the Cross
1: In troduc t ion
1.1 Aims
1.1.1 Galactic  S tructure towards the Galactic  Poles
The importance o f the ga lac tic  poles in the study 
o f ga lac tic  s tru c tu re  has long been recognised, and 
much work has been done in th is  area since Kapteyn's 
(1922) pioneering study of Kz, the force law 
perpendicular to the plane. This importance is due 
mainly to the v e r t ic a l  segregation of the various
components of the galaxy: the t ra n s i t io n  between
dominant groups is more pronounced in th is  d ire c t io n  
than in any o ther. In addit ion  the dust which produces 
i n t e r s te l la r  e x t in c t io n  is s trong ly  concentrated 
towards the g a lac t ic  plane and is  there fore  of less 
consequence along l ines  of s igh t towards the poles. 
This is o f p a r t ic u la r  importance to  photometric
s tud ies . Furthermore a rad ia l ve lo c ity  observed towards 
e ith e r  pole is  e f fe c t iv e ly  a ve lo c ity ,  W, perpendicular
to  the plane. Therefore the w -ve loc ity  d is t r ib u t io n
( re la t iv e  to the g a lac t ic  plane, as opposed to  the sun) 
o f a group o f objects observed near the poles may be 
studied w ithout knowledge of th e i r  proper motions.
Thus, from photometric and spectroscopic
-2-
observations o f s ta rs  ly in g  close to the poles 
d i f fe re n t  s t e l la r  groups may be id e n t i f ie d  and th e i r  
space and v e lo c i ty  d is t r ib u t io n s  determined as a 
function of z, the perpendicular distance from the 
plane. These d is t r ib u t io n s  may then be used to
determine Kz over the distance range observed, 
leading to an estimate of the local mass density , 0^ . In 
general some model fo r  the space and ve lo c ity
d is t r ib u t io n s  is  f i r s t  adopted. The observed
d is t r ib u t io n s  impose severe constra in ts  on th is  model 
which must also s a t is fy  a l l  o ther known ga lac t ic  
s truc tu re  parameters. These d is t r ib u t io n s  are also o f 
general use in the se lec t ion  of r e a l i s t i c  galaxy models 
fo r  other a p p l ica t io n s .
1.1.2 Aims o f the Present Work
Since the time o f Kapteyn (1922) there have been 
many attempts to  determine Kz and 6^ from the observed 
space and v e lo c i ty  d is t r ib u t io n s  o f stars a t the 
g a lac t ic  poles. A l l  o f these have suffered to  some 
extent from l im i ta t io n s  in the ava ilab le  data or the 
model used. In order to determine the space 
d is t r ib u t io n ,  fo r  example, a w e l l -c a l ib ra te d  
photometric system is  required. This must be capable of 
id e n t i fy in g  and co rrec t in g  fo r  In te r s te l la r  e x t in c t io n  
(a lb e i t  a small amount at the poles), o f segregating
•3-
d i f f e r e n t  s t e l l a r  popu la tion  groups on the basis o f 
metal 1 i c i ty  and evo lu t iona ry  s ta te , since each group may 
have a d is t in c t iv e  d is t r ib u t io n ,  and o f  p rov id ing  good 
estimates o f  absolute magnitudes (and hence d istances) 
f o r  ob jects  w i th in  these groups. F in a l ly ,  i f  tne
observing program is  to  be fe a s ib le  the system must be 
such th a t  a la rge  number o f  ( f a in t )  s ta rs  may be
observed w ith  a moderate sized te lescope. Such a 
photometric system has ra re ly  been applied to  the study 
o f  the po les. The observed v e lo c i ty  d is t r ib u t io n s  have 
a lso  su ffe red  from th is  de fic iency  as the d is t r ib u t io n  
o f  each d is t in c t  popu la tion  group may be q u ite  d i f fe r e n t ,  
and hence segregation is  again necessary. In ad d it io n  
the lack o f  v e lo c i ty  data a t the poles has led  to  the 
use o f  non-homogoneous samples cu l le d  from many 
sources, leading to  serious systematic e r ro rs .
H i l l ,  Hi 1 d i tc h  and Barnes (1979, and references 
th e re in )  have attempted to  overcome these observational 
l im i ta t io n s  w ith  a la rge  scale study o f  the 0-FB s ta rs  
w i th in  15° o f  the g a la c t ic  poles. They have used 
the uvbyp photometric system which permits accurate 
reddening c o r re c t io n s , s t e l la r  c la s s i f ic a t io n s  and 
d is tance determ inations to  be made, w ith  the aim o f
ob ta in ing  homogeneous photometric and ra d ia l v e lo c i ty
samples covering a l l  such s ta rs  b r ig h te r  than 15th
-4 —
magnitude at both poles. For the NGP stars photometry 
of over 1000 stars has been published (H i l l  e t al 
1982d). Radial v e lo c i t ie s  fo r  300 of the b r ig h te s t of 
these stars have also been published (H i l l  et al 1976) 
and v e lo c i t ie s  fo r  the rest of the NGP stars should be 
ava ilab le  by early  1985.
This published photometry has been used to 
invest iga te  the d is t r ib u t io n  of i n t e r s te l la r  reddening 
in  the survey area. This was found to be in s ig n i f ic a n t  
between 100 and 1000 pc. from the plane, w ith 
s ig n i f ic a n t  reddening (E(b-y)~0.008 ) covering h a lf  the 
f i e ld  w ith in  lOOpc. and a small dense patch 
(E(b-y)~0.024 id e n t i f ie d  with an HI cloud and 
associated dust at -120pc. The data have also been used 
to  id e n t i fy  -100 intermediate population I I  ( iP I I  ) and 
population I I  (PII ) s tars as well as other ra rer 
objects (eg. ho rizon ta l branch stars and white dwarfs), 
and to derive an i n t r in s i c  uvbyp c a l ib ra t io n  fo r  the 
B9-A3 main sequence stars  (H i ld i tc h  e t al 1983). H i l l ,  
et al (1979) have re-analysed o lder data fo r  the NGP 
A-F s ta rs , supplemented by th e i r  own data ava ilab le  at 
the time (p r in c ip a l ly  photometric). This analysis is 
discussed in sections 1.2 and 1.3.
The work presented here was intended as an
-5 -
extension of th is  survey to a magnitude l im i t  o f 17m 
w ith in  3° o f the North Ga lactic  Pole. This was 
to be done by id e n t i fy in g  the appropriate objects on 
photographic plates taken w ith  the Im James Gregory 
Cassegrian-Schmidt Telescope at St.Andrews, using the 
newly commissioned gra ting-prism  (grism) to obtain 
spectra of the s tars at d ispersions of 800-1200 A°/mm. 
on I l l a J  p la tes , each covering a f i e ld  of radius 2^. 
The grism and i t s  performance are described in
Appendi x I I .
Once id e n t i f ie d ,  uvbyp photometry and rad ia l 
ve lo c i t ie s  would be obtained fo r  these objects and the 
NGP data sample would thus be extended to a greater 
distance from the plane. This, i t  was hoped, would 
es tab lish  the r e a l i t y ,  or otherwise, of the apparent 
increase in ve lo c i ty  d ispersion w ith z distance found 
fo r  Population I (PI) A and F s tars in  the analysis of 
H i l l  e t al (1979), The expanded sample would provide 
data on Kz out to a greater distance and a llow a
re fined value of the dynamical loca l mass density to  be 
determined. I t  was also expected th a t th is  sample would 
contain a large numbpr of iP I I  and PII s ta rs , which 
would a llow a p re lim inary  study o f th e i r  d is t r ib u t io n s  
to  be undertaken. In  add it ion  the in t e r s te l la r
reddening could be studied out to  a much greater
-6 -
distance than before. Although i t  was u n l ik e ly  tha t 
th is  extension could be completed in the time ava ilab le  
i t  was hoped th a t a substan tia l amount of data would be 
co llec ted  and a p re lim inary  analysis performed.
However the form of the work presented here is 
somewhat d i f fe re n t  from tha t ou t l ined  above. The 
grism's a r r iv a l ,  scheduled fo r  December 1980, was 
delayed u n t i l  A p r i l  1981, precluding i t s  e f fe c t iv e  use 
in the 1980-1981 observing season at St.Andrews. To 
a ss is t w ith the intended survey a catalogue o f known 
and suspected blue objects of 14th-18th magnitude, ly in g  
w ith in  15  ^ of the pole was compiled from the 
l i t e r a tu r e .  Objects in  th is  catalogue which lay w ith in  
3° o f the pole were c la s s i f ie d  from a s ing le  
U.K.Schmidt Telescope ob jec tive  prism p la te . From th is  
p la te  a prov is iona l l i s t  o f the 50 b r ig h te s t 0-F8 stars 
was compiled. An attempt to  obtain uvbyp photometry of 
these objects was f ru s tra te d  by poor weather and 
inadequate equipment. The grism survey was performed, 
but the instrument's  performance was d isappo in ting.
H i l l ,  H i ld i tc h  and Barnes had already obtained a 
quan tity  of raw photometric and spectroscopic data fo r  
the b r ig h t 0-F8 HD s ta rs  w ith in  15^ o f the SGP 
as an extension o f t h e i r  work to  the southern
-7 -
hemisphere. These data were k ind ly  made ava ilab le  fo r  
reduction, leading to the uvbyp photometry of 572 stars 
and rad ia l v e lo c i t ie s  fo r  161 stars which are presented 
here. More spectroscopic data was ava ilab le , but could 
not be reduced due to  a serious problem encountered 
w ith the computer con tro lled  Joyce-Loebl 
microdensitometer a t St.Andrews. In s u f f ic ie n t  ve lo c ity  
data was obtained fo r  a re-determ ination o f Kz and So 
to be attempted.
The data presented here have been subjected to  a 
p re lim inary  analysis (Chapter 5). A f u l l  analysis must 
await the completion of the survey. Nevertheless, the 
photometric data presented here have permitted a study 
of the i n t e r s te l l a r  e x t in c t io n  to  be made and, in 
combination w ith  the published NGP data, have improved 
the determination of the proportions of d i f fe re n t  
population groups w ith in  400pc. o f the plane. The 
ve lo c i ty  data have been combined w ith those from the NGP 
in order to  determine the perpendicular ve lo c ity  
d ispersions o f A and F s tars w ith in  200pc.
1.2 The D is t r ib u t io n  o f Stars in the Galaxy
1.2.1 In tro du c t io n
In  the most s im p l is t ic  view the galaxy consists of
three basic components: a th in  disk of gas and young 
metal r ich  stars (Population I ) ,  a la rge r spheroidal 
d is t r ib u t io n  of o lder, metal poor stars (Population 
I I ) ,  and a ye t la rge r, probably spherica l, corona of 
u n id e n t i f ie d ,  o p t ic a l ly  dark material o ften re ferred to 
as Population I I I .  (The la t t e r  should not be confused 
with the hypothesised f i r s t  generation of extremely 
metal poor stars which are also often refered to as 
Population I I I .  I f  they e x is t ,  such s tars could account 
fo r  some of the unseen coronal mass.) The existence of 
these three components is  in fe rred  from studies of 
external galaxies as well as our own. (See Bok, 1983 
fo r  a d iscuss ion.) Such studies have also ind icated an 
expected degree o f sub-structu re  w ith in  the disk and 
spheroid leading to  the concept of the f iv e  basic 
s t e l la r  populations, each with i t s  own d is t in c t iv e  
space and v e lo c i ty  d is t r ib u t io n s  suggested by Oort 
(1958) and summarised in Table 1 .2 .1 .
Unfortunate ly the true  p ic tu re  of the galaxy is  not 
so simple. The parameters which specify  the various 
components in Table 1.2.1 are uncerta in , and w ith in  a 
given population somp sub-s truc tu re  is  evident. For 
example, Ichikawa (1981) and Mikama and Ish ida 
(1981) have suggested th a t the K-M giants, 
nominally old Population 1, form several subgroups each
-9-
with a d is t in c t iv e  space and ve lo c ity  d is t r ib u t io n .  To 
d iv ide  the s t e l la r  component of the galaxy in to  f iv e  
populations ra ther than two (PopI,PopIl) is s t i l l  a 
s im p l i f ic a t io n .
T ra d it io n a l ly  the s te l la r  d is t r ib u t io n  in the 
galaxy has been invest iga ted  by means o f s ta r  counts 
which give the number density o f stars o f a s p e c if ic  
spectra l type and absolute magnitude range at a 
spec if ied  po in t in  the galaxy. From these counts i t  is  
possible to f in d  the lum inosity  func tion  (the number 
density of s tars  of a given spectra l type and absolute 
magnitude range in the so la r neighbourhood) and the 
density function  (which gives the va r ia t ion  in the 
lum inosity  function  fo r  non-solar neighbourhood s ta rs ) .  
The determination of the lum inosity  and density 
functions from s ta r  count data is  a complex problem and 
a descrip tion  o f the technique may be found in Mihalas 
and Binney (1981). The successful a pp lica t ion  o f the 
technique requires the e lim ina t ion  o f a number o f e r ro r  
sources. For example the e f fe c t  of i n t e r s te l la r  
absorption on the counts must be id e n t i f ie d  and 
corrected. I t  is  important to  ensure th a t  a l l  s tars of 
the desired spectra l type in the f i e ld  studied, which 
are b r ig h te r  than a p re -spec if ied  absolute magnitude 
l im i t ,  have been selected otherwise a biased sample w i l l
-10-
re s u lt ,  leading to  an inco rre c t analysis of the s te l la r  
d is t r ib u t io n .  For th is  reason an absolute magnitude 
l im ite d  sample is  required, whereas the sample has 
t r a d i t io n a l ly  been selected by kinematical 
considerations, and then 'converted' to  an (incomplete) 
absolute magnitude l im ite d  sample.
The most recent app lica tions of s ta r  count data to 
the study o f ga lac t ic  s truc tu re  (eg. Gilmore and Reid 
(1983) have tended to  use automatic measuring machines 
to  detect and photom etr ica lly  measure s te l la r  images on 
photographic p la tes . The method o f photometric p a ra l lax  
is  used to determine the distances of these s ta rs , 
based on a photometric population c la s s i f ic a t io n ,  and 
an absolute magnitude l im ite d  sample is defined w ith in  
a ce rta in  distance l im i t .
A major problem w ith the s te l la r  d is t r ib u t io n  as 
determined from s ta r  count analysis is tha t such data 
only provide in formation on the density d is t r ib u t io n .  
As noted by Gilmore (1984) many qu ite  incompatible 
models o f the ga la c t ic  density d is t r ib u t io n  give 
equally good f i t s  to the best ava ilab le  s ta r  count 
data. In order to  define uniquely the basic parameters 
o f ga lac tic  s tru c tu re ,  kinematical and chemical 
abundance data are required. Furthermore, these
11-
wide-band photometric methods are incapable of 
de tec ting  small d if fe rences between the- various 
subgroups of the basic populations, which may a l l  have 
d is t in c t iv e  space d is t r ib u t io n s .  With th is  in mind i t  
can be seen th a t a p o te n t ia l ly  f r u i t f u l  approach to  the 
problem would be to perform a de ta iled  photometric and 
spectroscopic survey of a d is t in c t iv e  type of s ta r  in a 
f i e ld  of special in te re s t .  Obviously such a survey 
could not encompass the vast number of objects 
(>10,000) found in the best machine measured, absolute 
magnitude l im ite d  samples. However the problem o f a 
( r e la t iv e ly )  small sample of 1-2,000 stars would be 
compensated fo r  by the wealth o f d e ta i l  on ind iv idua l 
s tars obtained by using intermediate band photometric 
systems capable o f accurately c la s s i fy in g  the sample 
in to  population subgroups. For the early  type stars 
such a sytem is  the uvbyp sytem, w ith  the complementary 
DDO system being ideal fo r  the la te  type s ta rs .
The g a lac t ic  pole 0-F8 s ta r  survey begun by H i l l ,  
H i ld i tc h  and Barnes (1979), o f which the present work 
forms a part, is  an example of such an approach. 
Photometric measurements of ind iv idua l stars lead to 
reddening corrected distances and de ta iled  population 
segregation, re s u lt in g  in  a d ire c t  determination of the 
density  d is t r ib u t io n s  of the groups sampled. Combining
-12-
these w ith rad ia l ve lo c ity  data, the v e lo c i ty
d is t r ib u t io n s  o f the samples can be determined as w e l l .  
These space and ve lo c i ty  d is t r ib u t io n s  are of great 
value in the assesment of galaxy models and are 
d i r e c t ly  applicab le  to  the determination of Kz and 
the local mass dens ity , 9 ^ .
1.2.2 The S te l la r  D is t r ib u t io n  w ith in  5kpc. o f the 
Galactic  Plane
There have been a number of recent studies of 
ga lac t ic  s tru c tu re  at high ga lac tic  la t i tu d e ,  both 
through s ta r  count analysis and de ta iled  observations
of ind iv idua l s ta rs .  The discussion below has been 
l im ite d  to those studies important to  the understanding 
o f ga lac tic  s tru c tu re  w ith in  5 kpc. of the plane since 
th is  region is  o f most s ign if icance  in the present
work. The general s ta r  count analyses w i l l  be 
considered f i r s t .
The Basle RGU photometric system was designed to  
a llow  the segregation of disk and halo stars from 
photographic photometry, using an u l t r a v io le t  excess 
parameter to  is o la te  the metal poor halo stars w ith
which the survey was p r im a r i ly  concerned. The re s u lt in g  
survey, covering e igh t high g a lac t ic  la t i tu d e  f ie ld s .
-13-
is described by Becker (1980). The data in the polar 
regions ind ica te  a steep density decrease and small 
scale height fo r  the halo s tars w ith in  5kpc. This is 
probably a re s u lt  o f contamination of the halo sample 
by disk stars due to  the inadequacy of the UV excess 
parameter as a population d isc r im ina to r  (Bahcall, 
Schmidt and Soniera 1983). However there is some 
evidence fo r  an excess of halo s tars w ith in  5 kpc, 
re la t iv e  to  those expected on the basis of the space 
density d is t r ib u t io n  fo r  5-8kpc (Gilmore 1984),
Yoshii (1982) has pointed out tha t the 
id e n t i f ic a t io n  o f evolved s tars is  d i f f i c u l t  in the RGU 
system. He suggests th a t  a large f ra c t io n  o f the Basle 
f i e ld  halo stars are disk subgiants and believes tha t 
f a i lu r e  to recognise th is  would lead to the steep halo 
density  gradient found by Becker (1980). He has 
re-analysed the RGU data fo r  the f i e ld  SA 57 (which 
l ie s  close to  the North Ga lactic  Pole), by transforming 
the data onto the UBV system using well established 
transformation equations, and thus obtains s ta r  counts 
as a function  o f V magnitude and (B-V) co lour, complete 
down to V=18. He allows fo r  a mix o f sub-giants, red 
giants and main-sequence stars in both the disk and the 
halo and assumes exponential density  laws fo r  both 
components. By adopting s p e c if ic  forms fo r  the disk and
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halo lum inosity  func tions , p red ic t in g  s ta r  counts from 
these, and comparing w ith his data, he obtains values 
fo r  the parameters of his density laws. Yoshii takes 
the disk lum inosity  function  from McCuskey (1966) and 
considers three possib le forms fo r  the halo lum inosity  
func tion ; those of the g lobular c lus te r  M92, the 
g lobu lar c lu s te r  M3 and the d isk . His analysis rules 
out the p o s s ib i l i t y  of a d isk-type lum inosity  function  
fo r  the halo but cannot choose between the other two. 
He finds a scale height o f about 300 pc. fo r  the disk 
and 1.9-2.4 kpc fo r  the halo, the halo density gradient 
being much gentle r than tha t found by Becker (1970). 
There is also a suggestion o f a f la t te n e d  d is t r ib u t io n  
fo r  the nearer halo s ta rs .
Chiu (1980a,b) has derived proper motion data fo r  
objects down to  V=20 in three high la t i tu d e  f ie ld s  
inc lud ing  SA 57. Combining these proper motions w ith 
photographic UBV data he c la s s i f ie s  the objects in to  
d i f fe re n t  population groups (Population I 
main-sequence. Population I white dwarfs and Population 
I I  subdwarfs) and derives lum inosity  fu n c t io n s ( fo r  
3<Mv<12) and space  ^ dens it ies  fo r  each group. His 
de r iva t ion  o f the Pop.I main-sequence lum inosity  
func tion  requires a model fo r  the chemical composition 
gradient in the l in e  o f s igh t ,  and a model o f the
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density  d is t r ib u t io n  chosen to  be cons is ten t w ith  the 
data. He considers two power law models fo r  the density  
d is t r ib u t io n ,  one w ith  a scale he ight o f 3ÜU pc. and no 
composition g rad ien t, the other w ith  a scale he ight o f 
500 pc. but a much more rap id  density  f a l l - o f f  and a 
composition g rad ien t. The second model is  cons is ten t 
w ith  the Wielen (1974) main-sequence lum inos ity
func t ion  and the a va ila b le  kinematic data. When applied
to  the w hite  dwarfs th is  gives a space density in  the
so la r  neighbourhood which is  in  good agreement w ith
o the r determ inations (0.0% pc^). For the subdwarfs the 
best density  law is  a f la t te n e d  spheroid w ith  ax ia l
r a t io  1:3 o r 1 :4 . The derived lum inos ity  fu nc t ion  is
d i f fe re n t  f o r  each o f  the three f ie ld s  but a l l  are
steeper than those o f  the g lobu la r c lu s te rs  M9% and NGC
6397. The d if fe rence s  between the f ie ld s  ( a l l  a t 
d i f fe r e n t  g a la c t ic  la t i tu d e s )  can be resolved to  some 
extent by invoking a t h i r d  popu la tion intermediate 
between the Pop.I main-sequence and the Pop.II 
subdwarfs. This popu la tion  has kinematics intermediate 
between those o f PI and P II s ta rs  and a f la t te n e d  
d is t r ib u t io n  o f  ax ia l r a t io  1:3 or 1:4 but does not 
extend to  the same he igh t as the true  population I I  .
P r i t c h e t t  (1983) has analysed s ta r  count data down 
to  V=23 from th ree  f ie ld s  each covering 0.38 square
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degrees. He used a simple galaxy model f i t t e d  to the 
data to inves t iga te  various aspects of ga lac t ic  
s tru c tu re .  His analysis preferred the Wielen (1974) 
lum inosity  function  to  tha t of Luyten (1968) ( although 
there is  l i t t l e  d if fe rence  between them u n t i l  t h e i r  
f a in t  l im i t s )  and showed th a t exponential disk models 
were to be preferred to  the s e l f - g ra v i ta t in g  isothermal 
disks of Camm (1950, 1952). For th is  exponential disk 
he finds a scale height of about 350 pc. The halo 
component of the galaxy (based on a power law density 
model with lum inos ity  function  taken to  be tha t of 
Wielen fo r  Mv<+4, and fo r  Mv^+4 the average of those 
fo r  the g lobular c lus te rs  M3, M92 and M13) is found to 
have an axia l r a t io  of 1:1 and a local co n tr ibu t io n  of 
0.1%. He discusses the possible existence o f an 
intermediate population ' t h ic k  d isk' o f scale height 
> lkpc., cons is t ing  of halo-type s tars in  a f la t te n e d  
d is t r ib u t io n  caused by th e i r  response to  the 
g ra v ita t io n a l f i e ld  o f the d isk . He concludes th a t his 
data cannot exclude the p o s s ib i l i t y  o f i t s  existence i f  
i t  contributes less than 10% of the projected disk 
dens ity . This is compared w ith the Sb sp ira l  NGC 4565 
which shows a th ic k  disk component co n tr ib u t in g  about 
5% of the surface dens ity .
A fundamental f law inherent in  a l l  the above
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analyses is the adoption of a p re -spec if ied  form fo r  
the density func tion  or the lum inosity  function (or
both) which severely l im i ts  the v a l id i t y  of the f in a l
ana lys is . In  general, assumptions such as th is  are made 
in order to  s im p l i fy  the analys is, although they are 
sometimes required because of the l im ite d  sample 
a va ila b le .
Reid (1982) has obtained pho toe lec tr ic  photometry 
o f a complete sample of fa in t  red dwarfs id e n t i f ie d  
from ob jec tive  prism p la tes . From th is  data he derives 
the PI main-sequence lum inosity  function  fo r  s tars with 
7<Mv^l2 ly in g  w ith in  50pc. of the sun and finds i t  to 
be consistent w ith  both the Luyten (1968) and the 
Wielen (1974) fun c t io ns . This absolute magnitude l im i t
was extended to  Mv=19 by Reid and Gilmore (1982) who,
from UK Schmidt p la tes , obtained COSMOS measured 
photometry fo r  a complete sample o f stars b r igh te r  than 
1=17 ( in  the UBVRI system) in a f i e ld  o f 18 square 
degrees towards the South G alactic  Pole. Photometric 
parallaxes were derived using th e i r  own w e l l -c a l ib ra te d  
Mv/(V -I) re la t io n ,  and the sample includes a l l  stars 
w ith  I<17, Mv<19 ly ir jg  w ith in  30pc. o f the sun, Gilmore 
and Reid (1983) have derived absolute magnitudes fo r  
the 12,500 stars  in  th e i r  sample with V<19, I<18 which
do not l i e  w ith in  lOOpc. of the sun. From the to ta l
-18-
sample they have derived the s te l la r  lum inosity  
func tion  in absolute visual magnitude, bolometric 
magnitude and s t e l la r  mass in the so la r neighbourhood 
fo r  a l l  stars with Mv<19, the minimum mass fo r  nuclear 
burning. The lum inosity  function obtained is consistent 
w ith both the Luyten and Wielen functions. In 
determining absolute magnitudes they have allowed fo r  
two possible forms fo r  the metal 1 i c i ty  gradient 
perpendicular to  the plane, both constrained by 
ava ilab le  abundance data.
They have also derived (Gilmore and Reid 1983) 
density  laws as a function  of z distance fo r  each 
absolute magnitude and, equ iva len tly , the lum inosity  
func tion  at varying distances from the plane. In
de r iv in g  these density  laws they excluded a l l  stars 
w ith  V>18.5, a l l  K s tars w ith V<14 and a l l  s tars w ith in  
lOOpc. in  order to  minimise contamination o f the sample 
by u n id e n t i f ie d  galaxies, d is ta n t G-K giants and young 
disk s ta rs .  For unevolved s tars w ith in  Ikpc. of the 
plane the best f i t  to  the data was obtained using an 
exponential d is t r ib u t io n  of scale height -300pc, 
i r re sp e c t ive  of the adopted metal 1 i c i ty  gradient. From 
l-5kpc , the data are equally well f i t t e d  by an
exponential o f scale height -1350pc, and a power law 
spheroid of ax ia l r a t io  1:4. Again th is  re su lt  is
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independent of the assumed m e ta l l ic i t y  gradient. This 
second component of the s te l la r  d is t r ib u t io n ,  
intermediate between the disk (old PI) and the true  
halo (extreme P I I ) ,  has a steeper lum inosity  function  
and a mild metal de fic iency re la t iv e  to  the old PI and 
is  read ily  id e n t i f ie d  with the intermediate Population 
I I ,  I t  dominates the s te l la r  density d is t r ib u t io n  
between 1 and 5kpc. from the plane and is presumably a 
local component o f the spheroid whose kinematics and 
hence space d is t r ib u t io n  have been modified by the 
g ra v ita t io n a l po ten tia l of the d isk . About 2% of the 
so la r  neighbourhood stars belong to th is  population, 
which is  w ith in  the l im i t  of 10% imposed by P r i tc h e t t .
T ra d it io n a l ly  the disk and spheroid stars can be 
crudely segregated on the basis of th e i r  ve lo c i ty  
d is t r ib u t io n s .  Disk s tars tend to  have higher 
ro ta t io na l v e lo c i t ie s  but lower v e lo c i t ie s  
perpendicular to  the plane than do the spheroid s ta rs .  
When a large number o f stars are studied i t  is found 
th a t  the disk s tars have a smaller ve lo c ity  d ispersion 
as w e l l .  This can be seen in Table 1.2.1 in which the 
mean ve lo c ity ,  w, increases with scale height, z. The 
same is true  of the ve lo c ity  d ispersions. Solar 
neighbourhood kinematics have recently  been reviewed by 
Mihalas and Binney (1981). The old disk population can
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be represented by the metal r ich  RR Lyrae stars with a 
w -ve loc ity  d ispers ion of about 30kms^ and the spheroid 
by the metal poor RR Lyraes with a dispersion of about 
90 kmÿ . There are several groups of stars with scale 
heights, mean w -v e lo c it ie s ,  ve lo c ity  dispersions and 
metal 1 i c i  t ie s  intermediate between these extremes 
(Gilmore 1984), These are read ily  id e n t i f ie d  w ith the 
intermediate population I I  o f Table 1 .2 .1 .
Information concerning the s tru c tu re  of our galaxy 
can also be obtained from studies o f external galaxies 
thought to  be s im i la r  to  ours. Burstein (1979) has 
found surface photometry of SO galaxies to  ind ica te  the 
existence of th ic k  disks intermediate between the disk 
and spheroid but found very few sp ira ls  to show th is  
fea tu re . However Van der K ru it  and Searle (1982) have 
found, also from surface photometry, th a t many sp ira ls  
do indeed show th is  th ic k  d isk . They id e n t i fy  th is  as 
the intermediate population I I  spheroid f la tte ne d  by 
the g ra v ita t io n a l f i e ld  o f the d isk , and on th is  basis, 
expect i t  to  have a v e lo c i ty  d ispersion intermediate 
between tha t of d isk and spheroid.
From the above i t  would appear th a t the old disk 
population is  qu ite  well represented by an exponential 
o f scale height around 300-350pc. Suggestions of a
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component intermediate between disk and spheroid appear 
to  be confirmed. This is  apparently a very f la t te n e d  
component of the spheroid responding to  the
g ra v ita t io n a l f i e ld  of the d isk . I t  is  well represented 
by both a f la t te n e d  spheroid of ax ia l ra t io  1:4 and an 
exponential of scale height around 1.5 kpc., and
dominates the s t e l la r  d is t r ib u t io n  between 1 and 5 kpc, 
from the plane. That i t  is qu ite  d is t in c t  from the disk 
is  shown by the abrupt change in the s te l la r  number
density at 1.5 kpc. (Gilmore and Reid 1983). In  both
chemical composition and kinematics i t  would appear to 
be intermediate between the old disk and the outer
spheroid. This th ick  disk contains around 2% of the
stars in the so la r neighbourhood and is re a d i ly
id e n t i f ie d  w ith the intermediate population I I ,  The 
outer spheroid represented by the extreme population I I  
and the g lobu lar c lus te rs  probably dominates the 
d is t r ib u t io n  beyond 5 kpc. Observations of g lobular 
c lus te rs  and f i e ld  RR Lyraes suggest tha t th is  
component is roughly spherical w ith  a power law density  
d is t r ib u t io n  o f exponent -3 .3 jf0 .1 . This is consistent 
w ith the de Vaucouleurs law derived from surface
photometry of external s p ira ls .  Beyond th is  the mass of 
the outer regions o f the Galaxy is  presumably dominated 
by the dark corona whose existence is suggested 
p r in c ip a l ly  by the f l a t  ro ta t io n  curves of both our
22-
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Galaxy and external sp ira l  galaxies.
Bahcall and Soniera (1980) have constructed a model 
fo r  the disk and spheroid components o f the Galaxy, 
based on the conventional th in  exponential d isk and 
De Vaucouleurs spheroid, with parameters based on 
observational data. The adopted lum inosity  function  fo r  
the disk stars was based on the data of McCluskey
(1976), Luyten (1968) and Wielen (1974) fo r  the range 
-6 < Mv < 16. The disk scale height was, on the basis 
o f observational evidence, taken to be a function  of
in t r in s ic  lum inosity  and evolutionary stage, ranging 
from about lOOpc fo r  the b r igh tes t s tars  (M4 < -4) to  ;i
about BOOpc fo r  the fa in te s t  ( Mv about 16), The 
spheroid is taken to  consist of a spherical 
d is t r ib u t io n  of PII s ta rs , w ith a lum inosity  function  
ide n t ica l to  th a t o f the disk over the range 
4 < Mv < 12, w ith a ra t io  of d isk/sphero id  components 
o f 800:1,
This model was then used to  p red ic t s t e l la r
d is t r ib u t io n s  pro jected in to  fhe sky and these were 
compared w ith the observed number counts of Kron
(1978), (20 s< mv < 22), Tyson and Jerv is  (1978) (12.3 
< mv < 22) and Peterson e t al (1979) (17.3 < mv < 22).
The model makes no allowance fo r  the existence of a
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component intermediate between disk and spheroid, and |
,1no evidence fo r  such a component is  forthcoming from %
the s ta r  count ana lys is . Bahcall e t al (1983) did 
consider such a component and used the same s ta r  
counts, and e s s e n t ia l ly  the same model, to  derive upper 
l im i ts  to the number density of stars belonging to i t .
These l im i ts  are dependent on the form of space density
adopted fo r  the component, but fo r  an exponential disk
of scale height Ikpc the local density of the
intermediate population must be less than 13% of the 
disk density . Since most of these s ta r  counts are 
concerned w ith very fa in t  stars in small high ga lac t ic  
la t i tu d e  f ie ld s  the bulk of the stars sampled w i l l  be 
e i th e r  subdwarfs at distances of 10-20kpc from the 
plane, or red dwarfs less than Ikpc. from the plane.
Thus the region in which the th ick  disk is  expected to 
dominate w i l l  not be sampled.
The model's predicted counts fo r  stars with
15 ^ V 17 bear no resemblance to the actual counts o f
Gilmore and Reid (1983) fo r  the South Galactic  Pole
region, Gilmore and Reid a t t r ib u te  th is  fa i lu r e  to 
p re d ic t observed counts fo r  b r ig h te r  stars to the
erroneous choice of spheroid lum inosity  function  and
the neglect o f the intermediate component. As a re su lt  
of these the Bahcall and Soniera model does not agree
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Iwith the Gilmore and Reid data fo r  z distances greater 
than about one k iloparsec.
Photographic surveys such as those discussed 
above are invaluable because of th e i r  a b i l i t y  to 
c o l le c t  data on a vast number of stars in a short time, 
and they y ie ld  much important information concerning 
what might be termed 'gross' ga lac t ic  s tru c tu re . 
However a l l  such surveys are e s se n t ia l ly  broad band 
photometric surjeys and as such encounter problems w ith 
the segregation of the various evolutionary groups 
included in the sample (eg. main-sequence, subgiants, 
g iants, horizonta l branch, subdwarfs and white 
dwarfs) and in some cases even the separation of 
d i f fe re n t  population groups is  inadequate. These
problems can be reduced by the use of a su itab le  narrow 
or intermediate-band photometric system capable of 
id e n t i fy in g  both evo lu tionary and m e ta l l ic i t y  
d if fe rences in the sample. Unfortunately th is  requires 
p rec is ion pho toe lec tr ic  photometry and there fo re  data 
a q u is i t io n  is  much slower than fo r  wide-band
photometric surveys. In addit ion  the apparent magnitude 
l im i t  o f the survey is much reduced. Consequently such 
surveys tend to  be l im ite d  to  small areas and s p e c if ic  
types of ob jec t. The ga lac tic  caps are an obvious
choice o f region and the G-K giants and the F stars are
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su ita b le  candidates fo r  study.The F stars are read ily  
detected at distances beyond 1 kpc. and are eas ily  
segregated in to  th e i r  various subgroups by uvbyp
photometry. They are also qu ite  common, but not so 
numerous tha t an impossibly large sample is obtained.
The G-K giants are detectable at much greater distances
and are s l ig h t l y  harder to  segregate (but see Hartkopf 
and Yoss (1982) fo r  metal 1 i c i ty  segregation using the
DDO photometric system), but share the other advantages 
o f the F s ta rs .
A study of high la t i tu d e  F stars is being made by 
Stromgren and others (Stromgren 1976), Blaauw 1978, 
Crawford et al 1979). Stars are c la s s i f ie d  as extreme
Population I I  or intermediate population I I  on the
basis o f uvbyp photometry. The local dens it ies  o f these 
groups re la t iv e  to  the o ld disk were found to be 6%
( iP I I ) ,  and 0.02% (e P II) .  Towards the NGP these were 
found to  have decreased by a fa c to r  o f about 100 ( iP I I )  
and 3 (e p l I )  at a height o f 1 kpc. above the plane. For 
the ePII th is  corresponds to  an exponential 
d is t r ib u t io n  o f scale height 1 kpc. and is  a much 
greater decrease than is  expected fo r  a spherical
population fo l lo w in g  a de Vaucouleurs density law. 
Gilmore (1984) has id e n t i f ie d  these 'e P I I '  s tars as
part o f the g a la c t ic  th ic k  disk component.
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From th e i r  own hpmogeneous sample o f around 400 NGP 
stars w ith  known space motions, distances and in t r in s ic  
uvbyp colours they have studied the ve lo c ity
d is t r ib u t io n s  o f the population I main-sequence A and F
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The ga lac t ic  poles 0-F s ta r  survey of H i l l ,  i
H i ld i tc h  and Barnes has already been mentioned. Here ?
the published resu lts  o f th is  work w i l l  be considered 
(H i l l  et al 1979). Since th e i r  own survey was incomplete 
and th e i r  primary aim was the determination of the 
force law, they investigated the space d is t r ib u t io n  o f 1
the A-F stars using the Yale Catalogue 
(H o f f le i t ,  1964) and by re-analys ing the s ta r  counts o f i
Upgren (1962,1963). However, they were unable to d iv ide  
these in to  population groups, but derived the density 
d is t r ib u t io n  on the assumption th a t a l l  stars of the 
same spectral type have the same absolute magnitude 
regardless of lum inos ity  or population group. The 
re s u lt in g  density d is t r ib u t io n  fo r  the F5-F8 (F) stars 
is  well f i t t e d  out to 600 pc. by Camm's (1950, 1952) 
model fo r  a s e l f - g ra v i ta t in g  disk in  which the |
w -ve loc ity  d ispersion increases w ith distance from the
plane. For the A0-F4 (A) stars the same model f i t s  well 1
out to  300 pc. but se r ious ly  underestimates the 
observed d is t r ib u t io n  between 300 and 600 pc.
s ta rs .  They found th a t the ve lo c ity  dispersions were 
constant out to  200pc., but between 200 and 300pc, 
there was a real increase. For the A stars both the 
d ispersion and i t s  increase were la rge r than fo r  the F 
stars (Table 1 .2 .2 ) .  Add it iona l data were taken from 
the catalogue o f Eggen (1961) fo r  stars w ith in  40 pc.
of the sun and, w ith  uvbyp photometry from other
sources, separated in to  A and F stars of PI, iP I I  and 
P I I .  The v e lo c i ty  d ispersions fo r  th is  sample are also 
shown in Table 1 .2 .2 . The agreement with the H i l l  et al 
F stars w ith in  200 pc. is good, but fo r  the A stars 
those w ith in  40 pc. give a smaller d ispersion than 
those w ith in  200 pc. There is  no evidence tha t these 
two samples belong to  d i f fe re n t  population groups, and 
the ind ica t ion  seems to  be th a t the population I 
main-sequence A stars  w ith in  300 pc. have a ve lo c ity  
d is t r ib u t io n  in  which the w-dispersion increases with 
distance from the plane. I t  is  there fore  possible th a t 
there are a t leas t two d is t in c t  d is t r ib u t io n s  o f 
apparently id e n t ica l  A stars near the plane. However
contamination o f these v e lo c i ty  samples by other
objects with s l i g h t l y  d i f fe re n t  ve lo c ity  d is t r ib u t io n s  
(eg. unrecognised iP I I )  cannot be ruled out.
Increases in w -ve loc ity  dispersion with distance 
from the plane have been found by previous studies (eg.
-28-
' •= -i -.1 ' 'j*. . 1' T V-' •
Harding e t al (1971) fo r  the AO stars and Jones (1972) 
fo r  the M dwarfs) but the r e l i a b i l i t y  o f the population 
segregations and distance determinations fo r  the 
objects studied are in doubt.
Hartkopf and Yoss (1982) have observed a sample of 
over 1000 G-K giants at both g a lac t ic  poles using the 
DDO photometric system to study th e i r  m e ta l l i c i t y  
d is t r ib u t io n  in  these d ire c t io n s .  D iv id in g  the sample 
in to  metal poor s tars  ( [Fe/H ]<-0 .5), taken to  be P II ,  
and metal r ich  ( [F e /H ]> -0 .5 ), stars taken to  be PI, 
they found a s u rp r is in g ly  large proportion o f metal 
r ich  stars out to  6kpc from the plane. The proportion 
of metal-poor to  m e ta l-r ich  s tars i n i t i a l l y  showed a 
steep increase w ith  z distance and they dominate the 
sample beyond 1.3kpc. However from 1.5-3kpc. th is  
proportion leve ls  o f f  a t about 70% and is  s t i l l  only 80% 
at 6kpc. There is  there fore  evidence fo r  a substantia l 
population o f m e ta l-r ich  G-K giants a t a very large 
distance from the plane. U nfortunate ly , not having a 
complete sample over a given area they could not 
determine the density  d is t r ib u t io n  o f these ob jec ts . 
The dominance o f metal-poor stars beyond 1.3 kpc. is of 
in te re s t  in comparison with the dominance o f metal 
d e f ic ie n t  iP I I  s ta rs  beyond about 1.4-1.5kpc. found by 
Gilmore and Reid (1983).
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Hartkopf and Yoss obtained rad ia l v e lo c i t ie s  fo r
about one th i r d  o f t h e i r  sample. They f in d  th a t  fo r  vf
both metal r ic h  and metal-poor s ta rs  the w -ve lo c ity
d ispers ion shows a small increase w ith  z distance out 
to  l .B kp c ,,  then drops s l ig h t l y  to  a constant value 
w ith  some evidence fo r  a fu r th e r  increase beyond 5 kpc. 
fo r  the metal-poor s ta rs  (Table 1 .2 .2 ) .  I t  is  not c lea r 
to  what extent these f in d ing s  are a t t r ib u ta b le  to  the 
very small data set beyond 1.5kpc. The mean d ispers ion 
fo r  a l l  m e ta l-r ich  s ta rs  was found to  be 22kms^, about 
h a l f  th a t  fo r  the metal-poor. For the metal r ic h  stars  
between 1 and 1.5 kpc. from the plane the d ispers ion 
was found to  be about 32kms^,suggestive o f  kinematics 
intermediate between those o f Pop.I and P o p .I I .  In  
general fo r  a given height above the plane, the 
v e lo c i ty  d ispers ion was found to  increase w ith  
decreasing m e ta l l i c i t y ,  down to  [F e /H ]= -1 .0 , a f te r  
which i t  le ve l le d  o f f .  This is  in  keeping w ith  the 
simple model o f population s tru c tu re  described in  
1 .2 .1 .  The G-K g iant survey o f Hartkopf and Yoss is ,  as 
y e t ,  incomplete and these f ind ings  can only be regarded 
as p re lim ina ry .
From de ta iled  s tud ies o f s p e c i f ic  s t e l l a r  groups 
in  the v i c in i t y  o f the poles two problems emerge:
■30.
i )  There is  evidence from PI main-sequence A-F |
■‘Istars and PI G-K giants fo r  a small local
(z<lkpc) increase in w -ve loc ity  dispersion with 
z distance fo r  a given sub-group.
l i )  There is evidence fo r  a population of m e ta l-r ich  S
(PI) G-K giants e x is t in g  at large distances from 
the plane and forming a substantia l proportion 
of a l l  la te  type giants in the range l-2kpc . 
K inem atica lly  these stars appear to  be 
intermediate between old disk and extreme halo.
Rodgers et al (1981) have found a number of 
m eta l-r ich  (PI ) main-sequence A stars at the SGP with z 
distances of l -4 .5kpc , having kinematics intermediate *4
between disk and halo populations (w -ve loc ity  
d ispersion about 66kms  ^ ). Stetson (1983) has found 
evidence o f a number of so la r neighbourhood PI 
main-sequence A stars with abnormally large space 
motions (w -ve loc ity  d ispersion about 57kms?, transverse 
v e lo c i t ie s  > 80kms^) which he suggests are ' the local 
manifestation o f the A s ta r  d is t r ib u t io n  found by 
Rodgers e t a l .  P ier (1983) has confirmed the detection 
o f main-sequence m eta l-r ich  A stars a t the SGP with 
large ve lo c ity  dispersions (about 60kms  ^ ) ly in g  1-3 kpc
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out of the plane, but f inds no evidence fo r  such stars 
beyond 3kpc. However he notes tha t the c r i t e r ia  used in 
se lec t ing  his sample w i l l  produce a bias against the 
se lection  of m e ta l-r ich  ob jects . A number of authors 
(eg.House and Kilkenny 1978, Keenan and Dufton 1983) 
have reported f in d in g  h ig h -ve lo c ity  s o la r -m e ta l l ic i ty  
unevolved OB stars at large z-d istances. Several 
de ta iled  studies o f these objects (Tobin and Kilkenny 
(1981), Tobin and Kaufmann (1984), Keenan and Dufton 
1983) have shown th a t  these stars are spectroscop ica lly  
ind is t ingu ishab le  from the PI OB stars in the d isk .
There is  there fore  a considerable body o f evidence 
to  suggest the existence of a substantia l number of 
unevolved OB s ta rs , so la r m e ta l l ic i t y  A dwarfs and G-K 
giants at distances of more than Ikpc. from the plane, 
with kinematics apparently intermediate between those 
o f the old disk and the halo. No current model of the 
ga lac t ic  formation, mass d is t r ib u t io n  or chemical 
evo lu tion  can account fo r  the existence o f these 
objects a t such distances from the plane. The 
suggestion th a t they have formed in the plane is  
untenable as no fe as ib le  mechanism is capable of 
s ca tte r in g  them out o f the plane in such numbers or, in 
the case of the OB s ta rs , on a time scale less than the 
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These stars are not the same as the m e ta l-d e f ic ien t -#
intermediate population I I  th ick  disk of Gilmore and 
Reid (1983), They may have a s im ila r  d is t r ib u t io n  but j
th e i r  re la t io n sh ip  to  the iP II  stars is  unclear. Much
more work is needed in th is  area o f m e ta l l ic i t y  |
anomalies in the inner halo.
J
The apparent increases in ve lo c ity  d ispersion with 
distance from the plane fo r  PI main-sequence A stars 
w ith in  300pc. found by H i l l  et al (1979) do not re a l ly  
f i t  in with th is  p ic tu re  of intermediate kinematic i
so la r  abundance stars at large z d istances. I t  is 
possible however th a t  the sample of H i l l  e t al (1979) 
was contaminated by the t a i l  o f the space/ve loc ity  
d is t r ib u t io n  o f the A s tars of Rodgers e t a l .  leading 
to  erroneous v e lo c i ty  d ispers ions. This would explain 
the e f fe c t  but there is ,  as ye t,  no evidence to confirm 
i t .  Again much more work on the problem is  required, 
and hopefu lly  the completion of the ga lac t ic  poles 0-F 
s ta r  survey down to  17m w i l l  c l a r i f y  the s i tu a t io n .
1.3 The Galactic  Force Law and the Local Mass Density
1.3.1 Background
The g a lac t ic  fo rce law perpendicular to  the plane 
is defined as
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Kz = -cfî 
"3z
where l ( r , 0 , z ; t )  is  the po ten tia l function of the 
ga lac t ic  system, ( r ,9 ,z )  defines a c y l in d r ic a l  
co-ord inate system and t  is time. For a steady s ta te  
a x ia l ly  symmetric system with no net expansion or 
con trac tion , and in which the po ten tia l can be separated 
in to  rad ia l and perpendicular components, ( I ( r , z )  =
I r ( r ) + I z ( z ) ), the fo l lo w in g  equations are va lid :
d (vuw) + cf (vw2) + vuw = vKz 1.3.1
W  dz —
JKr + J<r + dKz = -4 r fG e (r ,z )  1.3.2
dr r dz
where Kr = - d i r ,
W ~
6 { r , z )  = mass density
u = v e lo c i ty  in rad ia l d ire c t io n  
w = v e lo c i ty  in perpendicular d ire c t io n  
v ( r ,z )  = s t e l l a r  number density
In  p r in c ip le ,  v, w^ and uw can a l l  be determined
observa tiona lly  as functions of z fo r  a s p e c if ic
sub-system of t ra ce r  s ta rs .  From these Kz is found,
and from i t s  slope a t z=0 and the observed so la r
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neighbourhood values of dKr and JKr the local mass
r r
density , 6^, is  found. The tracers chosen should be 
numerous, observable over a large range of z distances 
and should be such tha t accurate population 
segregations and distance determinations are possib le. 
These requirements are met by the main-sequence A-F 
stars and the G-K g iants . The la t t e r  are more numerous 
at z > Ikpc, but the former are more read ily  segregated 
in to  population groups. The fundamental assumption is 
th a t  the chosen tracers a l l  share a common s te l la r  
d is t r ib u t io n  fu n c t io n . I f  th is  is inco rrec t,  then the 
analysis f a i l s .  I t  is commonly assumed th a t th is  
d is t r ib u t io n  func tion  is an even function  in u and w 
and hence 0w=0 everywhere. ( In  fa c t  Uw is extremely 
d i f f i c u l t  to  determine out of the plane so th is  
assumption has never re a l ly  been tested. However Oort 
(1965) suggests th a t ïïw is  almost zero in the plane, 
and small elsewhere.) Equation 1,3.2 then becomes:
Kz = 1 d ( vw i^) 1 .3 .3 .
l E z  '
I t  is  d i f f i c u l t  to  determine the run of w^ with z 
over a s u f f i c ie n t ly  large distance from the plane and 
consequently a model is  usually  adopted fo r  the 
v e lo c i ty  d is t r ib u t io n .  Most analyses have followed Oort
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(1932) and taken the ve lo c ity  d is t r ib u t io n  
perpendicular to the plane to be a gaussian, in which 
case w2 is  a constant and :
Kz = w2 6 (InCv/Vg]) 1.3.4 
~dz
where v^  is  the value at z=0.
The v a l id i t y  of th is  la s t  assumption is  uncerta in . 
Evidence has been presented which supports an increase 
o f ve lo c ity  d ispers ion w ith distance from the plane fo r  
population I main-sequence A stars (H i l l  e t al 1979) 
and G-K giants (Hartkopf and Yoss (1982). I t  is l i k e ly ,  
however, th a t these apparent increases are due to 
contamination by k inem atica lly  d is t in c t ,  but 
spectroscop ica lly  ide n t ica l systems. The problem once 
again l ie s  with the precise d e f in i t io n  of a population 
sub-system.
I f  the v e lo c i ty  d is t r ib u t io n  o f the chosen tracers 
is  t r u ly  non-gaussian then i t  can generally be 
represented by a sum of gaussians and a modified form of 
equation 1.3.4 holds. In  any case the force law is 
then found by observing the appropriate ve lo c ity  
d ispersions and space densit ies and s u b s t i tu t in g  in 




Once the force law is known, the local mass density
is found from equation 1.3.2 using the (small) observed
values fo r  cfKr and j ( r  near the sun. In order to 
r r
determine the mass density  out o f the plane these must 
be found from a su ita b le  model o f the ga lac tic  mass 
d is t r ib u t io n .  Such models w i l l  not be considered here 
but i t  is noted th a t the number and va r ie ty  of ava ilab le  
models r e f le c t  the uncerta in t ies  in the observa tiona lly  f
imposed con s tra in ts . No mass model ex is ts  which 
allows fo r  the existence o f both the th ic k  disk and the 
so la r m e ta l l ic i t y  s tars at large z distances. Were a 
su ita b le ,  accurate model ava ilab le  i t  could be used 
d i r e c t ly  with equations 1.3.1 and 1.3.2 to  determine the 
force law and mass density from the empirical s te l la r  
d is t r ib u t io n s .
Most work on the force law and loca l mass density 
has followed the basic method o f Oort (1932) (Kuzmin 
(1952), Kuzmin (1955), Nahon(1957), Eelsalu (1958),
H i l l  (1960), Oort (1960), Jones (1962), Upgren (1962),
Perry (1969)) but there have been notable exceptions 
(Woolley and Stewart (1967), Turon-Lacarrieu (1971),
Gould and Vandervoort (1972), Jones (1972)). Woolley 
and Stewart assumed a double-gaussian ve lo c ity  




ve lo c i ty  d ispersions and space densit ies obtained 
b e s t - f i t  parameters fo r  a model of the ga lac tic  
po ten tia l from which the force law and mass density 
were derived, Turon-Lacarrieu (1971) attempted a 
ra d ic a l ly  d i f fe re n t  approach using King's (1965) 
dynamical ‘ psuedo-moments' to  separate the va r ia t io n  o f 
the space density and ve lo c ity  d ispersion in equation 
1 .3 .3 . thus e l im in a t in g  the need fo r  a ve lo c ity  
d is t r ib u t io n  model. Gould and Vandervoort (1972) 
described a new method of determining the force law 
based on the re form ula tion  of the problem in terms of a
4
set o f v i r ia l  equations describ ing the perpendicular 4
•Ïs truc tu re  o f a sub-system. The method has to be adapted 4
to  the s p e c if ic  system used, but i t  is  claimed tha t i t  i
can be applied to  a sample in which many d i f fe re n t  ]
sub-systems are represented. 1
In  a l l  de r iva tions  of the force law and mass 
density , regardless o f technique used, the appropriate 4
space density has been found from s ta r  counts w ith in  
some catalogue. Considerable errors are present in  such 
counts due to:
i )  systematic and large random errors in apparent 
magnitudes and spectra l types





5fïAiIi l l )  uncerta in t ies  in the absolute magnitude scales
leading to e rrors in the distances Î
iv )  lack of knowledge of population groups 
v) incompleteness o f sample w ith in  assumed distance 4
l im i t
Exactly the same problems are encountered when 
determining the v e lo c i ty  d is t r ib u t io n  of the sample- 
distances and spectra l types are uncerta in, lum inosity  
classes and population groups uncertain or unknown.
A l l  of the determinations o f the force law and mass 
density  c ited  above s u f fe r ,  to varying degrees, from 
these problems. In order to overcome them i t  is 
essentia l th a t a precise, distance l im ite d ,  complete 
sample be defined and photometric and spectroscopic 
observations made in order to define accurately the 
sub-systems In the sample and determine th e i r  space and 
v e lo c i ty  d is t r ib u t io n s .  The 0-F8 stars survey o f which 4
the present work forms a part should meet these 
requirements. The pre lim inary  analysis of the 
(incomplete) sample a t the NGP (H i l l  e t al 1979) 
combined the approach o f Woolley and Stewart (1967) 
w ith  the model o f Camm (1950, 1952) , the published data 
o f Upgren (1962,1963) and the then ava ilab le  
spectroscopic and photometric survey data (H i l l  et al
A ll
Since Oor t 's  (1932) determination o f the force law 
led to  a value fo r  the mass density in the so la r 
neighbourhood there has appeared to  be a discrepancy 
between th is  value, derived from dynamical data, and 
tha t found by summing the dens it ies  o f a l l  
observed matter near the sun. The la rge r dynamical value 
was taken as evidence fo r  the existence of an unseen
40-
1976, H i ld i t c h .et al 1976) to determine the force law f
and the mass dens ity . This analys is, which has been
described in a previous section, obtains a best f i t  to  ^
Îthe data by adopting a model in which the v e lo c i ty  #
dispersion of the sub-system increases with distance é
from the plane. This model is not a r e a l i s t i c  
representation of the sub-system and is only va lid  fo r  
an i n f i n i t e l y  th in  s e l f - g ra v i ta t in g  d isk .
Once th is  survey is complete i t  should be possible 
to  obtain an accurate form fo r  the force law based on 
well determined -space and ve lo c ity  d is t r ib u t io n s .  I t  
w i l l  be in te re s t in g  to  compare the resu lts  obtained 
using several d i f fe re n t  techniques to f in d  the force 
law, espec ia lly  those of Turon-Lacarrieu (1971) and 
Gould and Vandervoort (1972).
1.3.2 The Local Missing Mass Problem
1
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imass component in the so la r neighbourhood, the so-ca lled  f
I' lo c a l  missing mass'. This should not be confused with 
the ' g a lac t ic  missing mass' whose existence is in fe rred  |
from the f l a t  ro ta t io n  curve of the Galaxy at large 
g a lac to -cen tr ic  d istances. However i t  is possible tha t 
the two 'm iss ing masses', i f  rea l, are re la ted .
Since the dynamical local mass density is found 
from the force law, or at the very leas t from the same 
observations, and the force law is  not accurately 
known, i t  fo l low s th a t the derived loca l mass density 
is extremely uncerta in . In  the past 30 years derived 
values of th is  dynamical density have covered the range 
0.08-0.28 Mepc^, w ith the most recent estimate o f the 
v is ib le  mass density  being 0.11 Mopc^. This fa i lu r e  to 
determine the force law and dynamical mass density is 
a t t r ib u ta b le  to the e rro r  sources discussed above. 
Ooever and Einasto (1976) have discussed the problems 
w ith  the derived dynamical mass dens it ies  and conclude 
th a t inadequate population segregation is  responsible 
fo r  much o f the uncerta in ty . They claim th a t 
contamination of the sample by another population group 
w i l l  tend to  increase the observed ve lo c ity  dispersion 
o f the sample, w ithout adversely a f fe c t in g  the space 
dens it ie s , thus leading to  an overestimate of the local 
mass dens ity . The lower values of the dynamical mass
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1
y;. X '.'a',:''; '
density  are the re fo re  to  be p re fe rred , and considering 
the e rro rs  inheren t in  both dynamical and v is ib le  mass 
dens it ies  there  is  c u r re n t ly  no real evidence e i th e r  
fo r  or against the existence o f an unseen mass 
d is t r ib u t io n  in  the so la r  neighbourhood.
Most re c e n t ly ,  Bahcall (1984) has taken the Galaxy 
model o f  Bahcall and Soneira (198u) and numerically 
solved the Poisson-Boltzmann equation to  give the 
g ra v ita t io n a l p o te n t ia l  o f  th is  model. This p o ten t ia l  
as a func t ion  o f z distance is  then used to  f i t  the F 
s ta r  d is t r ib u t io n  w i th in  2üüpc., given by H i l l  e t  al 
(1979). Assuming t h e i r  v e lo c i ty  d is t r ib u t io n  to  be 
isotherm al, and th a t  any unobserved matter has a 
d is t r ib u t io n  p roport iona l to  th a t  o f  the observed 
m atte r, the to ta l  mass density in  the so la r  
neighbourhood is  found to  be Ü.185jHü. 02 M  ^ pc^, much 
greater than the observed mass density (Ü.11 M^pc?) and 
th a t  ca lcu la ted  by H i l l  e t  a l .  (0.14 M^pc? ). The 
unobserved disk m ateria l is  a t le a s t  as la rge  as 50% o f 
the to ta l  observed disk m a te r ia l .
Given the extreme s e n s i t iv i t y  o f  the loca l mass 
density  to  u n ce r ta in t ie s  in  the v e lo c i ty  dispersions o f 
the t ra c e r  system used (c f  Bahcall (1984)- an increase 
o f  0.5 kms in  the d ispers ion o f the PI F s ta rs
-42-
à ,
increases the mass density  by ■' 1^4%, and H i l l  e t  al
(1979)- a change o f j-^kms^ in  the same d ispers ion a lte rs  
the mass density  by '^21%, d i f fe r e n t  models being used in  
each case) any assessment o f  the tru e  e r ro r  in  the 
derived mass density  must take account o f the 
u n ce r ta in t ie s  in  the v e lo c i ty  d ispers ion o f  the t ra c e r  
s ta rs  adopted. The basic conclusion th a t  ne ithe r 
the dynamical nor the v is ib le  mass dens it ies  are well 
known s t i l l  holds.
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Table 1 .2 .2 .
H i l l e t al (1979)
PI A stars PI F s ta rs
z (p c .) W ( ï ? ) \ W i ^ ) \ source0- 40 -6.5 7.6 153 -6.4 10.6 195 Eggen0-200 -6.0 9.7 84 -4.1 10.5 109 H i l l  e t al200-300 -7.5 14.0 24 -7.1 12.6 15 H i l l  et al
Hartkopf and Yoss (1982)
"4
'P I ' (m e ta l- r ich ) ’ P I I ' (meta l-poor) 1
z (p c .) ( ? ) \ I0-500 21.2 181 40.5 16
500-1000 23.1 46 43.8 18 11000-1500 33.3 12 46.3 19 %
1500-3000 22.2 12 39.7 21 13000-5000 — — 40.5 10
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Chapter 2
Selection of North Galactic  Pole Stars
' I  do not consider spectra l c la s s i f ic a t io n  to be a goal 
in i t s e l f
Th.Schmidt-Kaler
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2.1 Id e n t i f i c a t io n
2.1.1 In trod u c t io n
The f i r s t  step in the expansion of the ava ilab le  
sample of 0-F8 stars a t the North Galactic  Pole was the 
id e n t i f ic a t io n  of the 13m-17m 0-F8 stars in the region. 
A survey area o f radius 3? centred on the pole was 
chosen. A la rge r radius would have required an
excessive number o f survey plates and would have 
produced a sample too large to study in the time 
a va ila b le . In  a d d it io n , since a c i r c le  on the Celestia l 
Sphere defines a conical volume of space and fa in te r  
s tars  are in general more d is ta n t ,  a small survey area
was chosen to  r e s t r i c t  the sample to  stars ly in g  close
to  the sun-pole l in e .  Having determined tha t the 
id e n t i f ic a t io n  o f the sample would be based on wide 
f i e ld ,  low dispers ion s l i t le s s  spectroscopy, using a 
grism on the James Gregory Telescope, some 
consideration had to  be given to  the problem of
c la s s i fy in g  s tars  from the p la te m a te r ia l.
2.1.2 D ire c t  Visual C l'ass if ica tion
The simplest way to c la s s i fy  the objects on an 
ob jec t ive  prism or grism p la te is to  look at each
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iind iv idua l spectrum under high magnification and assign |
a spectral type on the basis of the features and 
s tru c tu re  seen. Guidelines fo r  such c la s s i f ic a t io n  have 
been given by Krug et al (1980), fo r  unwidened spectra, 1
and Ke lly  et al (1982), fo r  widened spectra, obtained 
with the old ob jec tive  prism of the U.K.Schmidt 
Telescope, at a dispersion of about 2480A°/mm at HY. A 
descrip t ion  of th is  prism may be found in Nandy et al
(1977). Both Krug et al and Ke lly  et al give
c la s s i f ic a t io n  c r i t e r ia  fo r  B to  M stars based on 
studies of U.K.S.T ob jec tive  prism spectra of a large 
number of objects of known spectral type. Kelly  e t al
are concerned p r im a r i ly  w ith c la s s i f ic a t io n  from 
microdensitometer scans, but the c r i t e r ia  given are 
applicab le  to  d ire c t  c la s s i f ic a t io n .  Both sets of 
c r i t e r ia  are based on the presence and strength o f
various spectral features (eg. Hydrogen l ines , G-band,
Balmer Jump , as well as continuum streng ths).
This c la s s i f ic a t io n  process is s im p l i f ie d  i f  the 
p la te  material is obtained using Kodak I l l a J  emulsions, 
as th is  emulsion has a sharp ' red-end c u t - o f f  a t about 
5380A°. Knowing t^je approximate dispersion of the 
p la te  the pos it ion  of important spectral features may 
be ca lcu la ted re la t iv e  to th is  c u t -o f f ,  thus a llow ing 
fo r  t h e i r  rapid id e n t i f i c a t io n .
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P r io r  to  the commencement o f the St.Andrews grism
survey a number of widened and unwidened U.K.S.T.
ob jec tive  prism plates (dispersion ~2480A°/mm) were
obtained fo r  the purpose of p ra c t is in g  the techniques o f 
spectra l c la s s i f ic a t io n  from such m ate r ia l,  using the 
c r i t e r ia  of Krug e t al and Ke lly  et a l .  One of these
plates (UJ4530P) was th a t used by Ke lly  et al in  1
T
estab lish ing  th e i r  c la s s i f ic a t io n  c r i t e r ia ,  and thus j
provided a set of spectra l standards against which these 
te s t  c la s s i f ic a t io n s  could be checked u n t i l  p ro fic iency  
was obtained.
2.1.3 C la s s i f ic a t io n  from Microdensitometer Scans
Many of the problems and uncerta in t ies  inherent in 
d i re c t  visual c la s s i f ic a t io n  may be removed i f  the 
c la s s i f ic a t io n  is  made from a microdensitometer scan o f 
the spectrum. In  p r in c ip le  th is  scan is  converted to  
in te n s i ty  un its  and displayed on a V.D.U., a spectra l 
type being assigned using the c r i t e r ia  given by Ke lly  e t 
al (1982). The method has the advantage o f being much 
less t i r i n g  than d ire c t  visual c la s s i f ic a t io n  using a 
magnifying eyepiece, 'thus reducing one major source of 
c la s s i f ic a t io n  e r ro r -  fa t ig u e . In  add it ion  th is  enables 
a c la s s i f ic a t io n  to  be made using a l l  the information
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stored in the spectrum, notably the shape of the f
continuum, and allows fo r  ob jec tive  measures o f feature 
strength etc as opposed to  h igh ly  sub jective  naked eye |
estimates. With the d ire c t  method problems are often I
encountered when working near the p la te l im i t  as such 
fa in t  spectra show l i t t l e  s t ru c tu re . Working from 
microdensitometer scans the problem is reduced and by
normalising the spectra fa in t  objects may be compared
with b r igh t standards, which is extremely d i f f i c u l t  to Ik
do using the d ire c t  method.
During April-May 1981 a number o f te s t  plates were 
obtained with the grism on the St.Andrews James Gregory 
Telescope, a t a d ispers ion o f about 1100A°/mm at HY. One 
of these was a 100 minute exposure o f a f i e ld  near the 
North Galactic  Pole, taken in dark of moon (01/5/81) on 
an unbaked I l l a J  emulsion. The p la te  l im i t  fo r  d ire c t  
visual c la s s i f ic a t io n  was estimated to be about 14m,
w ith  objects b r ig h te r  than about 11m being too
over-exposed to  be c la s s i f ia b le .  This p la te  contained a 
large number o f spectra and was consequently used to  
te s t  various ideas .on c la s s i f ic a t io n  from 
microdensitometer scans o f grism p la tes .
The e n t i re  p la te  was scanned by the U n ive rs ity  
Observatory's computer con tro lled  Joyce-Loebl
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microdensitometer. FORTH routines to control the scans 
were prepared by Mr.J.R.Stapleton, When scanning the 
p la te  is  searched u n t i l  a region is found in which the 
photographic density is higher than a previously 
spec if ied  background le v e l .  The Joyce-Loebl then 
centres on th is  region and takes a s ing le  scan through 
i t s  centre, s to r in g  the scan and i t s  p la te  pos it ion  on 
d isk . Once the p la te has been properly aligned on the 
Joyce-Loebl and the minimum detection density set th is  
process is automatic. I t  is ,  however, slow and 
in e f f i c ie n t ,  up to 48 hours being required to scan a 
s ing le  p la te , w ith many spurious p la te  features 
(notably the zero order and second and higher order 
images on the grism p la te ) being detected and scanned. 
A typ ica l example o f a spectral scan is shown in Figure 
2.1.1 .
A se lection  of the s te l la r  spectra obtained in th is  
way were c la s s i f ie d  d i r e c t ly  from the scan using the 
c r i t e r ia  of Ke lly  e t a l . No In te n s i ty  c a l ib ra t io n  was 
ava ilab le  fo r  th is  p la te ,  and none was needed, implying 
th a t the c la s s i f ic a t io n  does not depend to  a great 
extent on the image exposure. These spectra were a l l  
normalised to u n ity  before c la s s i f ic a t io n ,  and th is  
appeared to be s u f f ic ie n t  to  a llow the c la s s i f ic a t io n  





There are two major problems with the technique as 
described above:-
i )  I t  is necessary to id e n t i fy  scans o f 
overlapped spectra and n o n - f i r s t  order spectra on 
the p la tes. The l a t t e r  may be ea s ily  id e n t i f ie d  from 
the scans themselves and the former by checking the 
p os it ion  of the scanned objects against a p r in t  o f the 
o r ig in a l  p la te .
i i )  I t  is  not ' generally possible to  scan
continuously fo r  48 hours with the St.Andrews
Joyce-Loebl due to demands by other users fo r  both
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th a t a good d e n s i ty / in te n s i ty  c a l ib ra t io n  would be 
required since the c la s s i f ic a t io n  is la rge ly  based on 
the shape of the true  spectrum. For the small range in f
magnitude covered by the spectra obtained here th is
does not seem to be the case.) The same spectra were
c la s s i f ie d  d i r e c t ly  from the p la te  and both sets of 
c la s s i f ic a t io n s  are shown in Table 2 .1 .1 . The agreement ig
is s a t is fa c to ry .  A number of spectra which were too 
fa in t  fo r  d ire c t  c la s s i f ic a t io n  were eas ily  c la s s i f ie d  
from the normalised scans. These were estimated to  be 
as fa in t  as 14m.5 (compared with the l im i t  o f about 14m 4
fo r  d ire c t  c la s s i f i c a t io n ) .
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Joyce-Loebl and computer time. The simplest so lu t ion  to 
th is  p a r t ic u la r  problem is to  have two-dimensional |
scans of the plates made elsewhere using a fa s te r  
specia lised machine (eg. COSMOS or the ARM). A modified 
form of the Joyce-Loebl search/scan routines could then 
be used to ex trac t the spectra from th is  data. With 
more sophistica ted software many of the spurious scans 
could be re jected at th is  stage i f  they fa i le d  to show 
s p e c if ic  features (eg. the red-end c u t -o f f ,  only seen 
in the f i r s t - o r d e r  grism images). The time elapsed
between obta in ing  the plates and c la s s i fy in g  the spectra 
would be much greater than tha t taken to c la s s i fy  
d i r e c t ly  from the p la te , but the astronomer would spend 
less time on each p la te  and could use the material more 
e f fe c t i  vely.
2.2 The North Galactic  Pole Catalogue
Since the work o f Humason and Zwicky (1947) many 
surveys have been performed with the in te n t ion  o f
detecting  high la t i t u d e  fa in t  blue ob jects , generally 
through the medium o f w id e - f ie ld ,  wide-band two or
three colour photographic photometry. To s im p l i fy  the 
process o f detection and c la s s i f ic a t io n  in the present 
work a catalogue o f North Galactic  Pole blue stars was 
compiled, based on these surveys. The l i t e r a tu r e  from 
1947-1981 was searched fo r  l i s t s  o f high ga lac t ic
J
la t i tu d e  blue s ta rs .  From these a basic catalogue was 
prepared conta in ing a l l  suspected blue stars w ith in  5d 
of the pole, in the magnitude range 13m-17m. Extensive 
cross-checking was required to ensure tha t there was no 
dup lica t ion  of ob jects , (One of the remarkable features 
o f these surveys is  how l i t t l e  dup lica t ion  there is  
between d i f fe re n t  surveys of the same f ie ld ,  possib ly 
an ind ica t io n  of the problems inherent in 
c la s s i f ic a t io n  from crude photographic photometry.)
Two main problems were encountered when compiling 
th is  catalogue:-
i )  The various surveys tend to use d i f fe re n t  
photometric systems and the quoted photometry frequen tly  
had to be converted to  a common system before inc lus ion  
in the catalogue. The UBV system was chosen as standard 
and wherever possible magnitudes and colours were 
converted to V and (B-V). In some cases th is  was not'h
possible due to  the lack o f colour data ( in  general 
such transformations require  a t least two colour indices 
to  be known). Some o f the surveys included in the 
catalogue give only ,a sub jective  measurement of colour 
(eg. 'b lu e ' ,  'q u i te  blue' and ' very b lu e ')  ra ther than 
an actual colour index. Objects w ith no measured colour 
indices are ind ica ted in  the catalogue.
-54-
i i )  many of the e a r l ie r  surveys give only estimates 
of magnitudes and colours, based on visual inspection 
o f the p la tes. The errors in these estimates (when 
compared with modern measurements) are often very 
large , espec ia lly  fo r  the colour indices (up to  Im in 
(B-V).
Having compiled the basic catalogue, the l i t e ra tu re  
was again searched in an attempt to locate ava ilab le  
pho toe lec tr ic  photometry and spectra l c la s s i f ic a t io n s  
fo r  these ob jects .Th is  resulted in improved magnitudes 
and colours in many cases, as well as some MK spectral 
types. These were a l l  incorporated in to  the catalogue. 
Any known QSO's or other n o n -s te l la r  objects are 
ind ica ted . The catalogue and the sources used in i t s  
compilation are given in Appendix I .
2.3 U.K.S.T. Prism Plates
2.3.1 In troduc t ion
Due to  the delay in the de live ry  o f the St.Andrews 
grism the North G alactic  Pole grism survey, o r ig in a l ly  
scheduled fo r  danuary-March 1981, had to  be postponed 
fo r  a year. In the in te r im  period the North Galactic 
Pole blue s ta r  catalogue was prepared and experience
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gained in the techniques o f c la s s i f ic a t io n  from 
ob jective  prism p la tes . A U.K.S.T. ob jec tive  prism 
p la te  centred on the North Galactic  Pole was then used 
to  assign a spectra l type to  those catalogue objects in 
the region covered by th is  p la te . La te r, when the grism 
plates became ava ilab le  they were used to confirm the 
c la s s i f ic a t io n s  o f the b r igh tes t stars on th is  p la te .
2.3.2 C la s s i f ic a t io n
A f i lm  copy o f U.K.S.T. ob jec tive  prism p la te  
UJ4081P was a va ila b le .  This unwidened ' B' q u a l i ty  p la te  
is centred on the pole i t s e l f  and was obtained on 
05/April/1978 w ith  a 60 minute exposure on Kodak I l l a J  
emulsion. The p la te  covers an area o f about 6° X 6°. For 
a l l  the stars in the North Galactic  Pole blue s ta r  
catalogue, 1978 coordinates were calcu la ted and used to 
p red ic t the s ta rs ' pos it ions on the p la te , using the 
normal method o f Plate Constants w ith  27 pos it iona l 
standards from the S.A.O. Catalogue. Each object in the 
f i e ld  covered by the p la te  was then id e n t i f ie d  and a 
spectral type assigned using the c r i t e r ia  o f Krug e t al 
(1980) and K e lly  at al (1982). To ass is t in fu tu re  
id e n t i f ic a t io n  each “spectrum was numbered on a large 
scale p r in t  o f the p la te .  Ambiguities in id e n t i f ic a t io n  
were resolved using f in d in g  charts from the o r ig in a l
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surveys where these were ava ilab le . On the few 
occasions th a t no ob ject was found w ith in  two 
arcminutes o f the predicted p os it io n , the ob ject was 
ind icated in the catalogue. In a l l  such cases the 
missing ob ject had been detected by only one of the 
surveys and is there fore  a t t r ib u ta b le  to 
m is - id e n t i f ic a t io n  of a p la te  f law  or s im i la r  in the 
o r ig in a l  p la te  m a te r ia l.
2.4 The St.Andrews Grism Survey
2.4.1 In trod u c tio n
A descr ip t ion  of the St.Andrews grism and i t s  
performance may be found in  Appendix I I .  B r ie f ly ,  the 
grism is a d ispers ing  element, contained w ith in  the 
telescope near the focal plane, and is capable o f 
producing low d ispers ion spectra over a small f i e ld .  I t  
has been designed s p e c i f ic a l ly  fo r  the James Gregory 
1 metre Cassegrian-Schmidt Telescope at St.Andrews. The 
telescope has a useful f i e ld  o f about 2°.5 diameter and 
the grism produces useful spectra over a 2^ f i e ld ,  the 
s ize  o f p la te  required being lOcmxlOcm.
2.4 .2 . The North Ga lactic  Pole Survey
In  order to  cover an area of 3° radius centred on 
the Pole fourteen survey f ie ld s  were required, each
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centred on an 8-lO th magnitude guide s ta r  selected from 
the S.A.O. catalogue. D e ta ils  of these f ie ld s  are given 
in  Table 2 .4 .1 .
The grism was posit ioned in the telescope such tha t 
i t  produced a d ispers ion o f about 1100A°/mm at hY. The 
plates were a l l  obtained between 25 January and 16 
February 1982, Kodak I l l a J  plates being used throughout 
Observations were only obtained on nights of grey moon 
as a re s u lt  of poor weather conditions throughout the 
period. A l l  p lates had previously been hyper-sensit ised 
by baking in n itrogen fo r  four hours at 65°C. Baked 
plates were stored in a nitrogen atmosphere and kept 
re fr ig e ra te d . They were used w ith in  one week o f baking.
One p la te  was obtained per f i e ld ,  w ith exposure 
times o f 40-50 minutes. Exposures longer than 50 
minutes are not fea s ib le  w ith these hyper-sensit ised 
plates as a small increase in exposure time produces a 
dramatic increase in p la te  background in th is  region o f 
the response curve. The goal of one 50 minute exposure 
per f i e ld  was not always a tta ined due to the extremely 
poor weather conditions during the 1981/1982 observing 
season a t St.Andrews. However the d if fe rence  between 
the p la te  l im i ts  fo r  40 and 50 minute exposures is 
marginal. A l l  p lates were developed fo r  5 minutes in
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oD19 developer a t 20 C, standard procedures being used 
at a l l  times.
Since these plates were a l l  obtained during grey 
moon the sky background is higher than on the 
previously discussed 100 minute non-baked p la te  
obtained in May 1981. Consequently the p la te  l im i t  is 
not as fa in t  on the survey p la tes . The fa in te s t  spectra 
c la s s i f ia b le  by d ire c t  inspection are estimated to be 
those of s tars b r ig h te r  than 14th magnitude, and the 
overa ll q u a l i ty  o f the spectra is poorer than those 
obtained during the previous season. This la t t e r  po in t 
is  probably a t t r ib u ta b le  to  the poorer weather (and 
consequently seeing) conditions in February/March 1982,
As a re su lt  o f the high sky background i t  proved 
impossible to  scan these plates w ith the Joyce-Loebl as 
the background density was extremely close ’ to  the 
detection l im i t  fo r  f a in t  spectra and the search/scan 
routines proved incapable of segregating spectra from 
loca lised  background f lu c tu a t io n s .  Consequently the
time taken to scan a s ing le  p la te  was Increased by a
!fa c to r  o f about 3, a vast number of spurious objects J
being detected. II
I t  was by th is  stage apparent th a t a s ing le  1
U.K.S.T, ob jec t ive  prism p la te was capable of covering •!
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the e n t i re  area o f the grism survey, w ith the ava ilab le  
unwidened North Galactic  Pole p la te  g iv ing  c la s s i f ia b le  
spectra in the required magnitude range of 13m- 17.5m. 
Although the grism plates were obtained at higher
dispersion, comparison had indicated th a t the spectra 
on the U.K.S.T, p la te  showed more d e ta i l  than the 
corresponding grism spectra (presumably a re su lt  of
be tte r  conditions, optics  and a more powerful
telescope) and were thus much simpler to c la s s i fy  
d i r e c t ly  from the p la te .  Consequently the grism survey 
was abandoned, w ith  the ava ilab le  plates only being 
used in conjunction w ith  the U.K.S.T. p la te  to provide 
c la s s i f ic a t io n s  fo r  the b r ig h te r  stars in the North
G alactic  Pole blue s ta r  catalogue.
2.5 North Galactic  Pole Blue Stars
The f in a l  version of the North Galactic  Pole blue 
s ta r  catalogue is presented in Appendix I ,  D ire c t 
visual c la s s i f ic a t io n s  from U.K.S.T. p la te  UJ4081P, 
supplemented by ava ilab le  grism p la te  c la s s i f ic a t io n s ,  
are given in the f in a l  column fo r  s tars w ith in  3° o f the; 
pole. The catalogue covers s te l la r  objects w ith in  5? o f 
the pole in the magnitude range 13Cmv<17.5, which have 
been id e n t i f ie d  as blue s tars  by previous surveys. No 
claim is made fo r  the completeness o f th is  catalogue.
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I t  is  expected to be incomplete as very few high 
ga lac t ic  la t i tu d e  surveys have been centred on the 
pole, most concentrating on the f i e ld  SA 57 which is 
o f fs e t  from the pole. Uncerta in ties in the quoted 
magnitudes ensure tha t the survey does not include a l l  
s tars b r ig h te r  than 17.5m - some fa in te r  stars w i l l  be 
included,some b r ig h te r  ones excluded. However the 
catalogue does merge a l l  these surveys and provides a 
s ta r t in g  po in t fo r  fu tu re  work on the blue stars at the 




Comparison o f Grism C lass if ica t ion s  
D ire c t C la s s i f ic a t io n  vs. C la ss i f ica t io n  from J-L Scan 
From 100 min. exposure p la te  of NGP region on I l l a J  
Taken on 1/5/1981
C la s s i f ic a t io n
Object D i rec t Scan j
1 F F
2 A early  F
3 A A
4 A-F F j5 B B
6 G G )
7 B B ;
8 F • early  F ■;9 A-F la te  A i
10 A A
11 mid-F la te  F 1:
12 F F J13 la te  A-F early  F 'i
14 la te  F la te  F V
15 A-F early  F I16 e a r ly  F early  F :17 ear ly  F la te  A
18 F la te  F
19 A A %
20 A A
21 la te  B-A A
22 ea rly  F mid F
23 mid F mid F
24 ea rly  F mid F
25 m id-la te  F G
26 A mid A
27 la te  F G
28 B A
29 A A-early  F
30 F la te  F
31 B-A A
Note : A fu r th e r  8 f a in t  objects c la s s i f ie d  from 




Fie ld R.A. (1950) Dec, SAO guide mv Sp. Exposure
h m s d m s s ta r Type of p late
1 12 47 05 + 26 29 41 082516 8.8 KO 45 min
2 12 53 39 + 26 17 32 082575 9.1 A7 45 min3 12 52 43 +28 02 17 082565 8.0 G5 45 min4 12 45 59 + 28 03 23 082507 8.0 F8 45 min5 12 52 38 + 24 40 27 082563 8.8 G5 50 min6 12 46 06 +25 02 10 082508 8.9 F5 50 min7 12 40 52 + 25 01 47 082558 9.2 F8 50 min




Figure 2 .1 .1 . 
Typical Grism Spectrum
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3: Photometry
3.1. The uvby Photometric System
3.1.1 In troduc tion
The uvby system (Stromgren 1963,1966) was 
s p e c i f ic a l ly  designed fo r  the study of A, F and G stars 
and has since been extended to cover the 0 and B s ta rs . 
The system makes use of fou r intermediate band-pass 
f i l t e r s  (Table 3 .1 .1 ) ,  the u f i l t e r  being a glass f i l t e r  
while the others are in te rfe rence f i l t e r s .
The u band l ie s  ju s t  shortward of the Balmer Jump, 
and the v band l ie s  ju s t  longward o f the Balmer Jump in 
a major l in e  b lanketing region fo r  the F s ta rs .  The b 
band is centred on a less important b lanketing region 
and is  mainly used as a comparison p o in t.  The y band 
mimics, to a ce r ta in  extent, the V band of the UBV 
system (Johnson and Morgan 1953) and the in te n s i ty  in 
th is  band is  used to  determine the equivalent V 
magnitude, since,
V = y + E (b -y ) ,  





The colour (b-y) is f a i r l y  inse n s it ive  to the %
number of l ines  in the s te l la r  spectrum and is  a basic 
in d ica to r  of e f fe c t iv e  temperature. The index 
c j = (u -v ) - (v -b )  is a measure of the strength of the
Balmer Jump, and hence of the lum inosity  fo r  a given 
temperature. In  add it ion  i t  is almost independent of 
chemical composition e f fe c ts .  The index m^  = (v -b ) - (b -y )  
measure of the l in e  blanketing, and hence o f 
the s ta r 's  metal 1 i c i ty .  A l l  o f these parameters (b -y ), 
c) and m|, as well as the V magnitude are a ffected by 
in t e r s te l la r  e x t in c t io n  and reddening.
Crawford and Barnes (1970) have given the primary 
standards fo r  the system and have shown i t  to be 
(almost) t o t a l l y  f i l t e r  defined. Once the e ffec ts  o f the 
Earth's atmosphere have been removed, the system is  
found to be independent of telescope, photometer and 
s i te .  A l l  o f the f i l t e r s  have band passes located well 
w ith in  the transparent region o f the atmosphere and thus 
none of the f i l t e r  response curves have an atmospheric 
c u t -o f f  ( c f .  the UBV system in which the U band has an 
atmospheric c u t - o f f ) .
3.1 .2 In te r s t e l l a r  E x tinc tion  in the uvby System
A ll  four band passes are a ffected by in t e r s te l la r  
e x t in c t io n ,  and thus the indices (b -y), c^ and m^  are
A
ï
a l l  a ffec ted . The standard reddening re la t io n s  between i
the indices have been given by Crawford (1975) as;
■V
E(m,) = -0 .32 E(b-y) S





From these re la t io n s  i t  is  poss ib le  to  define 
indices [ c ^ ] ,  [m ^ ] and [u - b ]  which are unaffected by
in t e r s te l l a r  reddening:
[ c , ]  = -0 .2 0 (b -y )
[m , ]  = +0.32(b-y)
[u -b ]=  (u-b }~1.84( b-y ) = [c^ ]+ 2 [m ^ ]
3,1.3 I n t r i n s i c  Colours and Two-Colour Diagrams
I f  the data fo r  a large number o f s ta rs  are p lo t ted  
in  the vs. ( b-y)^ and m^ vs. (b -y )^  planes, i t  is  
re a d i ly  apparent th a t  s ta rs  o f  a given type are grouped 
together. In  add it ion  there  are well defined lower 
envelopes to  the d is t r ib u t io n  o f ZAMS population I 
s ta rs .  These envelopes are the i n t r i n s i c  co lour l ines  
fo r  ZAMS population I s ta rs .  A s ta r 's  dev ia t ion  from
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these envelopes is a measure o f i t s  d if fe rence  from the f
ideal of the ZAMS population I ob jec t. Thus i t  is
possible to in fe r  a "spectroscopic" c la s s i f ic a t io n  fo r  a 41s ta r  on the basis o f photometry alone. Photometric ®
%
c r i t e r ia  fo r  such c la s s i f ic a t io n  from uvby photometry 
have been given by H i l l ,  Barnes and H i ld i tc h  (1982d)
based in part, on the photometric scheme of Kilkenny and 
H i l l  (1975),
I n t r in s ic  colour l ines fo r  uvby photometry have 
been given by Crawford (1975,1978 and 1979) fo r  the F, 
B and la te  A stars (A4-A9), and by H i ld i tc h  e t al 
(1983) fo r  the intermediate A stars (A0-A3), H i l l ,  
e t al (1982d) give a p rov is iona l c a l ib ra t io n  fo r  the 
Horizontal Branch s ta rs .  H i l l  (1982d) has pointed out a 
possible systematic e r ro r  in the B s ta r  c a l ib ra t io n  
which appears to  be too red by approximately 0.006 
magnitudes.
3,2 The Hp Photometric System
3.2,1 In troduc tion
As a general ru le  the width of the Hydrogen Balmer 
l ines  in s te l la r  spectra are dependent on the s t e l la r  
atmospheric pressure and thus on the s te l la r  surface 
g ra v ity .  Surface g ra v ity  is  re la ted to  lum inosity  and
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th e re fo re  to  absolute magnitude. There is  the re fo re  a 
c o r re la t io n  between the width o f the Balmer l ines  and 
the s ta r 's  absolute magnitude, Mv. A photometric 
parameter re la ted  to  the l in e  w idth, and showing th is  
s trong c o r re la t io n  w ith  Mv would be extremely useful as 
a means of determining s t e l l a r  d is tances. Such a 
parameter is  the p index of the Hp photometric system 
introduced by Stromgren (1956) and adapted by Crawford 
and Mander (1966). In  i t s  curren t form the system makes 
use o f two in te r fe rence  f i l t e r s ,  both centred on 4861/C |
(Hp), one having a h a lf -w id th  o f 30A° (the narrow 
f i l t e r )  and the o ther a h a lf -w id th  o f 150/C (the wide 
f i l t e r ) .  The narrow f i l t e r  is  used to  sample the 
in te n s i ty  of the Hp l in e  and the wide f i l t e r  measures 
the in te n s i ty  o f the l in e  plus the surrounding 
continuum. The instrumental p index,
p = 2.5 [ l o g ( lw / I n ) ] ,
where I is  transm itted  in te n s i ty  through the f i l t e r ,  is  
thus a measure o f the strength  o f the Hp l in e  re la t iv e  %
to  the nearby continuum. I t  is  obvious from the 
d e f in i t io n  th a t  p ^  2.5. Since both f i l t e r s  have the 
same cen tra l wavelength and are reasonably narrow there  |
are no e x t in c t io n  e f fe c ts  to  be considered (e ith e r  
i n t e r s t e l l a r  or atmospheric) and the transform ation
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from the instrumental to  the standard system is simple. 
For the same reasons the system is e n t i re ly  f i l t e r  
defined.
However, the p index is a measure of the l in e  
broadening, which is not so le ly  dependent on the
surface g ra v ity , but also on the temperature due to  the 
e ffec ts  o f ra d ia t io n  pressure on l in e  w idth. In 
general, ra d ia t io n  pressure opposes the surface g rav ity  
e f fe c t  and reduces the pressure broadening. As a
general ru le  the p index is a surface g ra v ity  parameter 
fo r  B s tars  and a temperature parameter fo r  A-F s ta rs .  
The Hp l in e  may also be broadened by ro ta t io na l 
e f fe c ts ,  but i f  the f i l t e r s  used have a band-pass of 
30A° or more the p index w i l l  not be a ffected by th is .
Since the system makes use of narrow f i l t e r s  the 
e f fe c t iv e  magnitude l im i t  fo r  Hp photometry is about 2
magnitudes lower than th a t  fo r  uvby photometry w ith the
same telescope and detectors .
3 .2 . 2  I n t r in s ic  Colour  L in e s  ^nd Photometric
C la s s i f ic a t io n
In  conjunction w ith  the uvby system Hp photometry 
is used to  produce p lo ts  o f p vs. (b-y)^ fo r  a large 
number of s ta rs , from which in t r in s ic  colour l ines  are
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derived in  the same way as fo r  uvby photometry on i t s  
own. The use o f  the p index in  photometric
c la s s i f i c a t io n  can remove ambiguities presented by the 
uvby photometry and is  p a r t ic u la r ly  he lp fu l fo r
id e n t i fy in g  reddened ob jec ts , since p is  not a ffec ted  
by the reddening. The c la s s i f ic a t io n  c r i t e r i a  o f H i l l  |
e t  a l .  (19d2d) and the c a l ib ra t io n s  o f Crawford (1975,
1978, 1979) and H i ld i t c h  e t  a l .  (1983) are a l l
concerned w ith  uvbyp photometry.
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3.3 uvbyB Photometry: SGP
3.3.1 Observations
A l l  o f the uvby photometry and 40% o f the Hp 
photometry presented here was obtained by R.W .Hi!d itch 
a t SAAO in  Octobers 1976 ( no Hp) , 1977 and 1978 w ith  
the O.^m telescope w ith  the People's Photometer and the 
l.Om telescope w ith  the St.Andrews Photometer. The 1976 
and 1977 0.5m data were recorded using a charge
in te g ra t io n  system, a l l  o ther data being acquired using #
Jia pulse counting system. D if fe re n t  Stromgren f i l t e r s  -
were used in  1976/1977 and 1978.The remaining 60% o f 
the Hp data were obtained by O .H il l  a t CTIO in  October 
1975 using the 0 .4 , 0.6 and 0.9m telescopes w ith
single-channel photometers and pulse-counting systems.
A to ta l  of 580 stars  were observed in uvby and 533 
in  Hp by H i ld i t c h .  H i l l  observed 545 stars of which 460 
were common to  both H i l l  and H i ld i tc h .
3.3.2 Reductions of Standard Stars
On each n ight a large number o f standard stars 
(-25) were observed. These were selected from the l i s t s  
o f Crawford and Mander (1966) fo r  Hp photometry and 
Crawford and Barnes (1970) fo r  uvby photometry, w ith 
some secondary standards taken from Gronbech and Olsen 
(1976,1977). The V magnitudes were adopted from I r i a r t e  
e t al (1965) and Johnson e t al (1966).
A l l  of the 1975 Hp data were f u l l y  reduced a t DAO 
by G .H i l l .  A l l  o ther standard s ta r  data were reduced by 
R.W.Hilditch a t St.Andrews. Standard reduction 
techniques were fo llowed in both cases, using programs 
developed by G .H il l  to  determine scale fa c to rs ,  zero 
po in ts , e x t in c t io n  c o e f f ic ie n ts  (uvby on ly) and colour 
terms (uvby o n ly ) .  For the Hp photometry the zero 
points fo r  B s ta rs  were determined separately from 
those fo r  the AF s ta rs .  In every case the standard s ta r  
residuals were checked fo r  systematic va r ia t ions  
dependent on time or (b-y) colour (uvby on ly ) . No time 
dependencies were found and the small colour terms
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from 1516 observa tions o f 535 s ta rs .
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present in the uvby data fo r  a few nights were taken 
in to  account in the programme s ta r  reductions.
3.3.3 Reductions o f Programme______ Star_____Data:
uvby Photometry
A11 programme s ta r  data were reduced a t St.Andrews 4
using programs developed by G .H i l l .  Standard procedures
were fo llowed, A check was made fo r  possible
d iffe rences between the 1976 data ( f i l t e r  set 1), the 
1977 data ( f i l t e r  set 1) and the 1978 data ( f i l t e r  set
2). Twenty s tars common to a l l  three years were used
fo r  th is  comparison, leading to  the mean residuals and 
rms deviations given in Table 3 .3 .1 . These d ifferences 
were considered to be acceptably small, although the
1976 data appear to  be of lower q u a l i ty  than the re s t .
However, few observations were a c tu a lly  obtained in 
th is  year.
Excluding s tars  w ith  only one observation (41), 
the in te rna l rms dev ia tion  o f a s ing le  observation was 
found to  be:
dV d(b-y) dm| dcj
+0.011 +0.006 +0.012 +0.020
To determine the external accuracy of the 
photometry the data were compared with f iv e  other 
sources with which there was s u f f ic ie n t  overlap to #
ju s t i f y  such a comparison. The mean residuals in the 
sense (c u r re n t-o th e r ) are given in Table 3.3.2, where n 
is the number o f s tars used in the comparison. In none 
o f these cases do the ind iv idua l residuals show any 
(b-y) dependence.
The agreement w ith Gronbech and Olsen, Stokes, and 
P h i l l ip  is good, and combining the data from these 
three sources gives:
d(b-y):-0.004;dV:-0.011;cfm^:+0.003;cfc^ :+0.002
The re la t iv e ly  large d if fe rence  in V between the 
current data and th a t  o f Gronbech and Olsen is  odd, but 
not s ig n i f ic a n t .  There is  no obvious reason fo r  the 
large rms s c a tte r  which is present in the comparison 
w ith  the photometry of A lbrecht and Maitzen, However we 
note here tha t A lbrecht and Maitzen have only one or 
two observations per s ta r .  The comparison with Knude 
(1982a,private communication) is given, despite the 
small overlap, because Knude has cons is ten t ly  found the 
in te r s te l la r  reddening at the SGP to  be higher than tha t
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found by other photometric surveys. The agreement is
Tgood, but not e xce lle n t.  The explanation fo r  Knude's if
large apparent reddenings must be sought elsewhere.
In  conclusion, the exce llen t agreement w ith the 
photometry o f Gronbech and Olsen, Stokes, and P h i l l ip  
suggests tha t there are no serious discrepancies in the v
data presented here.
3.3 .4  Reductions o f Programme Star Data: Hp Photometry
A l l  of the 1975 data were reduced by G .H il l  a t DAO, 
the 1977/1978 data being reduced at St.Andrews. In both 
cases the reduction programs were developed by G .H i l l ,  
standard procedures being fo llowed. The in te rna l rms 
deviations fo r  a s ing le  observation were found, from 
stars  with two or more observations, to  be:
1977/1978 dp= _+0.009 (364 observations of 163 s ta rs )  |
1976 dp= jfO .O ll (700 observations o f 297 s ta rs )
The 1975 data (from CTIO) were compared w ith the 
1977/1978 data (from SAAO) g iv ing  an average
d if fe rence , in the sense (SAAO-CTIO) o f :
0.000+0.007
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from the 460 stars in common. There thus appear to be 
no systematic d if fe rences between the two sets of 
observations and they were there fore  combined, the 
f in a l  photometry having an in te rna l rms dev ia tion , from 
stars with two or more observations, o f :
= +0.011 (from 1692 observations of 566 s ta rs )
This H|B photometry was compared w ith th a t from fou r 
o ther sources w ith which a s u f f i c ie n t  overlap ex is ted. 
D ifferences were ca lculated in  the sense 
(cu rren t-o the r) ,  mean d iffe rences being given in Table
3 .3 .3 . As fo r  the fou r colour photometry, there is a 
large sca tte r  present in the comparison w ith A lbrecht 
and Maitzen's photometry. Again the agreement w ith 
Knude is not exce llen t,  but is acceptable. However the 
agreement w ith  both Gronbech and Olsen and Stokes is  
exce llen t,  imply ing th a t there are no serious 
discrepancies in the Hp | photometry presented here.
-•3
3.3.5 Results
The f in a l  uvbyp photometry fo r  a l l  572 stars in the 
sample fo r  which both uvby and Hp data are ava ilab le  is 
given in Table 3 .3 .4 .The columns are:
-77.
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1) HD number. For visual pairs re la t iv e  posit ions 
in the sky are ind ica ted . Otherwise the b r ig h te r  
component is designated 'A ' .
2 )-5) Stromgren colour indices (b -y), m^, c^, and 
the V magnitude. 4
6) Number o f ind iv idua l four colour observations § 
of each ob jec t.
7) p index
8) Number o f ind iv idua l Hp observations o f each 
ob jec t.
3.4 uvby Photometry: NGP
3.4.1 Observations
A to ta l  o f 20 NGP BAF stars were observed w ith the 41
l.Om telescope a t the OHP "Chiran" o u ts ta t ion  in A p r i l  
1982, using a single-channel photometer w ith  a 
charge - in tegra ting  system, and uvby f i l t e r s  k in d ly  
supplied by KPNO. These stars were a l l  o f 13m-14m and 
had been selected from the NGP catalogue (chapter 2) 
a f te r  c la s s i f ic a t io n  from UKSTU prism plates and, where 
ava ilab le , JGT grisrn p la tes .
Observations were obtained on 4 nights only, out of 
14 a lloca ted . Due to  the l im ite d  dynamic range o f the 
ava ilab le  a m p li f ie r  i t  was not possible to observe 
standard stars from the l i s t s  of Crawford and Barnes ■f
(1970). Consequently a l i s t  of secondary standards was 4
compiled from the catalogue of Hauck and M erm ill iod
(1980), w ith  f in a l  adopted colours being taken from the f
catalogue o f H i l l  e t al (1982d), whenever possib le.
These are l is te d  in Table 3 .4 .1 . With the equipment 
ava ilab le  i t  proved impossible to observe objects
fa in te r  than 14.5 magnitudes, and fo r  b r ig h te r
programme stars in te g ra t io n  times o f 60 s e c o n d s / f i l te r  
were required, severely l im i t in g  the number of 
observations possible each n ig h t.  Programme stars 
were observed in the sequence i
ybvu (s ta r)-uvby(sky )-ybvu (s ta r) . For the standards the 
sequence ybvu(s ta r)-uvby(sky) was employed. Between 11 
and 14 standards were observed each n igh t.
3 .4 .2  Reductions o f Standard Stars
A l l  reductions were performed a t St.Andrews using 
the same programs and'techniques employed fo r  the SGP 
photometry. Due to  the low number o f standards 
observed, i t  proved impossible to accurately determine 
the e x t in c t io n  c o e f f ic ie n ts  fo r  each n igh t.
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Consequently, the standard values fo r  KPNO (at the same 
a l t i tu d e  as Chi ran) were adopted, namely:
Ex tinc tion  C oe ffic ien ts  
(u-b) : 0.4 
(v-b) : 0.12 
(b-y) : 0.06 
V : 0.15
Scale fa c to rs ,  zero points and colour terms were 
determined fo r  each n ight in d iv id u a l ly .  No (b-y) 
dependencies were found fo r  any o f the res idua ls , 
(taken in the sense (standard value - observed)) but 
there did appear to  be an LSI dependence in V on three 
nights (21/22,22/23 and 26/27), and in (u-b) on two 
nights (21/22 and 22/23). These terms were a l l  taken 
in to  account in the f in a l  reductions.
The f in a l  standard stars residuals were found to  
be, on average:
(u-b) : +0.030 
, (v-b) : +0.015 
(b-y) : +0.015 
V : +0.015
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jfrom 54 observations of 21 s ta rs .
These resu lts  are extremely poor fo r  standard 
s ta rs .
3.4.3 Reductions of Programme Stars
The programme s ta r  data were reduced in ide n t ica l 
manner to the SGP data, the LST dependencies mentioned 
above being allowed fo r  in the reductions. Excluding 
stars  with only one observation (1) the in te rna l rms 
devia tion o f a s ing le  observation was found to be:
d(u-b) : jfO.015 ; d(v-b) : +0.08 ;
d(b-y) : +0.08 ; dV : +0.10 ,
from 62 observations of 19 s ta rs .
The ind iv idua l observations fo r  each n igh t are
given in Table 3 .4 .2 , From these, and the in te rna l 
e rrors  quoted above the poor q u a l i ty  o f th is  data can 
be seen. No attempt was made to use the Stromgren 
indices to  p lo t  two-colour diagrams e tc . using th is  data 
because of i t s  low q u a l i ty .P o ss ib le  reasons fo r  these 
poor resu lts  w i l l  now be considered.
Several possible sources o f e r ro r  can be
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discounted . The a m p l i f ie r 's  s t a b i l i t y  was checked each 
n igh t immediately before observing began, as i t  was J
known to be very susceptib le  to dampness in the a i r .  On 
every occasion i t  was found to  be s tab le . Both the 
power supply to the dome and the UHT supply to the 
photometer were monitored and remained constant 
throughout each n ig h t.
For each n igh t an estimate was made o f the 
Signal/Noise ra t io  o f each observation through the 'y* 4
f i l t e r .T h e  noise level was defined on the basis of the 
spread o f the signal about the means fo r  both the s ta r  
and the corresponding sky observation. A p lo t  o f S/N n
versus V magnitude was then prepared fo r  each n igh t, an I;
example of such a p lo t  being shown in Figure 3 .4 .1 .The 1
general trend is  as expected: fa in te r  stars have a
smaller S/N ra t io  than b r ig h te r  s ta rs , w ith a greater 
spread about the mean curve fo r  the programme stars 
than fo r  the standards. However the S/N fo r  a given 
magnitude is less than one would expect fo r  a
single-channel photometer on a Im telescope at a good
s i te .  The mean curve fo r  each n igh t is s im i la r  in  a l l  
fou r cases, suggesting th a t the s e n s i t iv i t y  o f the
equipment did not vary over the observing period. Note 
th a t the S/N ra t io  fo r  a given object varied
considerably from n igh t to n igh t, though the overa ll W
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Itrend remained the same. The low accuracy of the 
programme (and standard) s ta r photometry is to be 
expected on the basis of such low S/N ra t io s .
The standard s tars  were chosen to have at leas t 
s ix  ind iv idua l observations by the same observers, w ith 
the same equipment, or f a i l i n g  tha t,  three ind iv idua l 
observations by the same observers with the same 
equipment, fo r  at leas t three d i f fe re n t  observers. The 
f in a l  adopted colours were those of H i l l  et al (1982d), 
where possible in  order to  provide a consistent set of 4
standards. Where no H i l l  e t al observations were 
a va ilab le , the adopted colours were weighted means of 
those from other sources, weighted by the number of 
observations and a q u a l i ty  parameter. The e rro r present 
in these adopted colours is there fore  expected to be 
small, c e r ta in ly  too small to  expla in the observed 
inaccuracy of the photometry.
Weather conditions during the observing period 
were extremely poor, w ith  frequent low cloud and 
b lizza rds . On the fo u r  nights on which observations 
were obtained the sky appeared to be free of v is ib le  
cloud or haze. However the (often systematic) s l ig h t  
va r ia t ions  in the chart recorder traces fo r  both 
programme and standard stars suggest tha t high th in
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cloud may have been present at times, although none was 
v is ib le .
There is no s ing le  obvious cause fo r  the low 
q u a l i ty  of th is  photometry. However the scale of the 
S/N vs. magnitude curves mentioned above suggests tha t 
the s e n s i t iv i t y  o f the detection equipment was lower 
than an t ic ipa ted . The chart recorder traces and the 
va r ia t ions  in S/N fo r  a s ing le  s ta r  from n ight to n ight 
suggest the presence of a random element con tr ibu t in g  
to  the inaccuracy, probably in the form of th in ,  
obscuring cloud. The evidence ava ilab le  suggests tha t 
some combination o f these two fac to rs  is responsible.
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Table 3 .1 .1 .
Central Wavelengths and Half-Widths of uvby F i l te r s  f
f i l t e r  : u v b y
centra l L (A° ) : 3500 4110 4670 5470
h a lf -w id th  (A° ): 300 190 180 230
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Table 3 .3 .1 .
SGP uvby Photometry- Comparison o f Data Sets 
cfV cf(b-y) dm^  cfc^
0.008 -0.007 0.011 0.009
+0.020 +0.015 +0.026 +0.032 1977-1976
-0.010 0.004 -0.005 0.008
+0.019 +0.015 +0.012 +0.022 1978-1977
0.009 0.003 0.012 -0.040
+0.008 +0.019 +0.014 +0.063 1978-1976
Table 3 .3 .2 .
SGP uvby Photometry- Comparison with other Photometry
dV d(b-y) dm cTci source
-0.016 -0.003 0.004 0.001 30 Gronbech & Olsen
+0.012 +0.006 +0.012 +0.012 (1976)
-0.002 -0.003 0.009 0.000 12 Stokes
+0.019 +0.012 +0.018 +0.018 (1972)
-0.006 -0.006 -0.004 0.007 13 P h i l l ip
+0.019 J^O.009 +0.016 +0.028 (1972)
-0.080 -0.004 0.010 0.002 81 A lbrecht & Maitzen
+0.052 +0.027 +0.022 +0.011 (1982)
-0.006 -0.013 0.010 -0.017 7 Knude
+0.006 +0.004 +0.015 +0.011 (1982a)
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Table 3 .3 .3 .
SGP Hp Photometry- Comparison with other Photometry 
dp n source
-0.002 30 Gronbech & Olsen (1977)
+0.006
-0.001 12 Stokes (1972)
+0.008
-0.011 81 Albrecht & Maitzen (1982)
+0.042
-0.022 8 Knude (1982a)
+0.018
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oc: 0 . 3 0 1 0.1 57 0.560 7 . 4 4 9 2.658
CGC 0 . 2 3 1 0. 1 7 1 0.545 7.97: 2 1 C ' 3
923 0 . 0 9 1 6.211 1.06 4 8.580 2 2.88C 3
953 -0.031 0. 1 04 G. 3 4 9 7 . 3 7 2 j 2 . 6 8 9 Q1G0C 0.314 0.1 54 0.4 50 6. 8 "1 2.650 2
1001 0.27 6 0 . i 0.521 9.245 2 2 .65 3 J
1 Cl 7 0.1 Ll 0. 1 64 0 . 7 1 3 9.292 3 2 . 1 41 31052 0 . 2 9 6 O.lC 0 0. 510 9.469 2 .0 80
106 5 0 . 2 3 9 0 . 1  49 0. 584 9 . 7 7 3 3 2.679 2107 3 0.279 0. 1 55 0 . 4 9 5 8 . 0 0 c 2 2.668 31036 0 . 0 9 3 0.2 20 0 . 9 5 2 9 . 7 9 9 2.829 4
1057 0.240 C. 3 3 9 0.464 9 . 0 7 7 3 2 . 7 3 2 3
1101 0.26 0 0.159 0.642 7.60 G 2 . 6 8 7 3110' 0 . 3 0 0 0.1 4 c 0.420 9 . 3 9 8 5 2.642
1137 0.2 :6 0.157 0.46 5 9 . 3 0 3 3 2.647 3
1232 i. . ' . 09 C. 1 50 0.465 8 . 5 6 3 3 2.629 0
1234 6 . 2 9 3 0.1 44 0 . 5 0 3 9 . 2 0 0 3 2.656 3
0 . 3 1 3 0 .1 :3 0 . 4 4 7 9 . 7 2 5 2 2 . 6 3 2 3124: 0 . 3 1 6 0.16 9 0.47 3 9 . 3 7 c 2 2.652 r
125: -0 .0  50 0.114 0.512 6 . 4 9 0 1 2.731 0
123 5 0.266 0.164 0.4 98 9.645 3 2.647 2
1 343 0.252 0 .1 49 0.506 6.44. 2 2.674
1431 0.001 0.1 10 0.720 t  .705 2
1 0. 307 G. 1 35 0 . 4 3 4 8 . 6 9 1 V 2.64 C 3
1 433 0 . 1 3 1 0.44: 9 . 4 5 : 2 . G 2 (
146 3 0.260 0.142 0.464 9 . 6  54 3 z: # Lv s.' i 3
1 4 : 4 0.319 0.143 o .4 : i 9 . 3 0 5 2.582 4
1 47 3 0. 2 4 "-I 0 . 1 6 6 0.608 9.706 3 2.71: G1 402 0.262 0.1 50 0 . 4 7 1 9.256 2.6 58 "1
1492 C . I90 0.164 0.704 8 . 8 1 8 2 2.765 5
1495 0.263 0.145 0.426 9 . 7 0 0 2.650 21490 0.262 0.169 0 . 4 5 4 9.156 5 2.658 4
1524 0 . 2 9 2 0.159 0.505 5.764 2 2.668 4
1541 0.156 0 . 2 1 3 0.866 9.694 4 2.781 3
1557 0 . 3 0 5 0.156 0.468 9 . 1 5 2 3 2.633 3
1500 0.260 0.157 0 . 4 7 9 9.726 3 2.651 2
1595 0 . 3 2 9 0.146 0 . 3 9 5 9 . 4 3 5 3 2.620 3
1597 0.221 0.159 0 . 5 7 4 9 . 7 9 3 3 2.697 21615 0 . 2 0 7 0.246 0.676 8.620 3 2.757 4
1619 0.196 0.248 0.691 6.646 2 2.757 1
1666 0 . 3 2 7 0.162 0.485 8.160 2 2.636 3
1667 0 . 1 7 2 0 . 1 9 7 0.657 6 . 7 7 2 2 2.737 3
1683 0 . 3 2 5 0.149 0.486 7 . 1 3 0 3 2.634 3
1692 0.336 0.168 0 . 3 3 7 9.324 ■ 4 2.610 3
1 7 3 0 0.296 0.153 0 . 4 3 4 9.261 3 2.642 3
1751 0 . 3 4 2 0.165 0.412 8 . 5 3 4 4 2.624 3
1776 0 . 3 1 0 0.149 0.427 8.966 3 2.657 3
1791 0.161 0.216 0 . 7 2 1 6.382 3 2.759 3
1797 0.266 0 . 1 7 4 0.506 6.417 2 2.672 3
1 £56 0 . 2 1 7 0.176 0.666 6.740 3 2 . 7 3 0 5
1657 O.3 O6 0 . 1 7 3 0 . 4 7 0 9 . 4 7 9 3 2.639 3
1858 0 . 3 1  1 0.136 0.351 9 . 3 7 0 3 2.617 3
1909 -0.026 0.115 0 . 7 1 1 6.556 2 2.762 2
1936 0 . 3 2 2 0.155 0.440 9 . 9 9 1 3 2 . 6 3 1 3
1947 0.285 0.160 0.502 9.185 2 2.662 3
I960 0 . 3 1 1 0.152 0.418 7.413 3 2.618 4
1986 0 . 2 5 9 0.156 0 . 5 3 4 9 . 2 9 9 4 2.676 3
1999 -0.044 0 . 0 9 0 0.608 8 . 2 9 3 3 2.674 3
2 0 0 7 0.089 0.236 0.969 9 . 4 7 5 3 2.833 4
2026 0.059 0.221 1.002 6.120 2 2.886 3
T k c l o  3 . 3 . z
( 0 - :  ) _1 V % ••
1C17 0 . u  4 0 . 1 2  : 0.7'  92 8 . 3 5 2 -
1C: u 0 . 5 4 1 Ü. 1 '( 9 C. 42G 9 . 2 9 6 4- 2 . 6 2 2 3
W w £- 0 . 2 5 5 • * 5/ ^ C . 4 4 9 9 . 1 6 5 4 2’ .6 57
IC .,7 0 . 6 4 6 8 . 3 1 : 2 2 . 6 7 :
2 Cw L 0 . 2 7 6 c.  1 : 2 0 . 5 0 5 8 . 4 6 : 2 . 6 6 4
V.' 2 0 . 2 2 1 0 . 1 5  5 0 . 5 u O 8.   ^<1 <- 2 . 6 : 1
I ' . n 0 . 5 5 5 0 . 1 4 5 0 . 3 : : ' L . 8 4  : 3 2 . 6 1  1 3
11 u C 0 . 5 0 6 0 . 1 : 9 0 . 5 6 9 5 . 4 2 9 2 2 . 6 6 5 3
n :  I Û . 5 4 7 0.  166 0 . 5 0 5 7 . 7 6 2 2 2 . 6 3 0
L 17 •- 0 . 0 2  4 0 . 1 6 6 1 . 0 9 7 7 . 6 2 0 2 2 . 8  5: 4
2 1 C 3 0 . 2 6  2 0.  1 ‘■I 0 0 .  508 1C . 2 2 1 3 2 . 6 6 1 3
«-«- I L/ 0 . 3 0 4 0 . 1  6C 0 . 4 2 8 16.18-  8 T 2 . 6 4 5 :
0 . 2 4 0 C. 1 5 . 0 . 591 1 6 . 1 2  _ 2 . 6 6 3 3
2 : : r 0 . 2  '{ 2 9 . 4  82 2 2 . 6 6 2 3
227S 0 . 5 2  5 0 . 1 V 5 0 . 4 1 9 9 . 0 5 7 3 2 . 6 3 6
22CÜ 0 . 2 4  V C. 17 5 0 . 6 0 5 1 0 . 0 6 4 3 2 . 6 9 0 2
2 3 1 c 0 . 2 0 2 0 . 6 5 8 8 . 4 4 7 2 2 . 6 8 0
2513 0 . 2 2 0 c . 1 L 0 . 4 0 1 9 . 1 0 4 3 2 . 6 3 9 3
2 5 2 0 0 . 1 . 2 0 . 1  50 0 . 7 0 : C . 9 3 5 r 2 . 7 3 9 3
0 . 5 c 1 C. 1 54 0 . 4 7 : 9 . 0 9 4 3 2 . 6 5 1 3
2 : 5 7 0 . 5 0 1 0 . 1 4 5 0 . 4 1 4 2 ^ • tj 10 3
2:M_ C . I j  C- 0 . 2 2 7 0 . 251 C. V l 5 c. ^ • L j 2
0 . 1  5 0 0 .  4 6 : 9 . 5 2 0 3 2 . 6 : 0
2 5 . 1 o . 2 i - : 0 . 1  5-. 0 . 5 0 5 7 . 7  26 c. 2 ^ ^ 3 :
2 5 : 5 0 . 1 4 5 0 . 2 0 0 0.  >- ■ w 5 6 . 7 7 6 2 2 . 7 9 2 -
c- 2 il 0 . 5 1 4 0 . 1  5 . C. 4 C 5 9 . 7 2 6 C.UL/ 4
2215 - 0 . 0 1 4 0 . 1 . 1 1 . 0 0 : 1 1 . 0 9 5 2 . 5 : 5 1
2425 0 .  j  4 2 0 . 1 3 4 0 . 4 2 0 6 . 4 5 1 2 2 . ^ 4 2
2450 0 . 5 5 2 0 . 1 6  c 0 . 3 1 2 9 . 5 5 4 3 2 . 6 2 4
240 5 0 . 3 : 9 Q. 1 92 0 . 3 5 9 9 . 1 5 7 3 2 . 6 0 3 3
2477 0 . 3 G 6 0 . 1 5 7 0 . 4 3 6 7 . 0 9 6 2 2 . 6 2 4 3
2527 0 . 1 6 6 0 . 1 7 0 0 . 9 3 6 7 . 1 1 6 2 2 . 7 3 5 3
252G 0 . 2 7 9 0 . 1 6 1 0 . 4 7 8 9 . 6 9 6 3 2 . 6 2 5 2
2 5 5 4 0 . 2 4 0 J O . 1 6 5 0 . 6 4 2 9 . 6 3 6 5 2 . 6 8 2 4
2557 0 . 2 4 5 0 . 1 5 7 0 . 5 0 2 9 . 0 6 2 2 2 . 6 7 4 3
2571 0 . 3 4 7 0 . 1 7 4 0 . 4 4 5 9 . 8 8 6 3 2 . 5 9 5 4
2 5 7 4 0 . 2 9 4 0 . 1 7 6 0 . 4 6 7 1 0 . 1 0 9 3 2 . 6 3 8 2
2 6 1 3 A 0 . 2 5 3 0 . 1 2 9 0 . 5 5 3 1 0 . 7 3 7 3 2 . 6 6 9 2
2 6 1 3 2 0 . 1 1 7 0 . 2 5 5 0 . 7 5 4 1 1 . 1 9 7 3 2 . 6 5 6 2
2 6 1 5 0 . 3 0 1 0 . 1 2 7 0 . 4 3 5 7 . 6 1 9 2 2 . 6 2 6 3
2640 0 . 3 0 3 0 . 1 5 5 0 . 4 9 2 9 . 2 7 0 3 2 . 6 4 6 3
2641 0 . 0 5 0 0 . 2 0 8 0 . 9 9 3 9 . 5 1 8 3 2 . 8 9 5 3
2696 0 . 0 7 9 0 . 1 5 2 1 . 0 4 7 5 . 2 0 2 1 2 . 8 6 7 3
2 7 1 9 0 . 3 2 6 0 . 1 4 6 0 . 4 7 1 7 . 5 3 8 2 2 . 6 3 8 3
2724 0 . 1 9 2 0 . 1  84 0 . 8 8 9 6 . 1 7 7 3 2 . 7 4 8 3
2 7 8 3 0 . 2 3 8 0 . 1 8 3 0 . 6 5 2 8 . 4 0 3 2 2 . 6 8 9 3
2797 0 . 2 5 6 0 . 3 T 3 0 . 2 1 1 9 . 6 4 5 3 2 . 6 9 3 4
2 7 9 9 0 . 0 1 5 0 . 1 6 6 1 . 2 6 0 1 0 . 9 6 5 3 2 . 8 6 5 3
211 0 0 , 3 0 1 0 . 1 7 1 0 . 4 5 3 1 0 . 1 3 3 3 2 . 6 2 5 3
2646 0 . 2 0 7 0 . 1 6 5 0 . 7 1 1 1 0 . 5 2 2 3 2 . 7 0 6 2
2 6 5 9 0 . 2 8 9 0 . 1 5 5 0 . 4 4 9 1 0 . 3 1 5 3 2 . 6 2 4 1
266 0 0 . 2 4 5 0 . 1 6 2 0 . 6 2 6 9 . 9 8 3 3 2 . 6 9 6 2
2 6 6 2 0 . 3 2 6 0 . 1 5 1 0 . 4 1 0 9 . 3 5 4 3 2 . 6 2 6 3
2 6 7 0 0 . 4 0 4 0 . 2 0 5 0 . 4 2 7 9 . 5 1 7 3 2 . 5 9 2 2
2903 0 . 3 0 5 0 . 1 7 5 0 . 4 6 3 9 . 7 3 8 3 2 . 6 5 5 2
2916 0 . 2 4 7 0 . 1 6 0 0 . 5 4 4 7 . 3 0 5 2 2 . 6 9 1 3
2978 0 . 2 4 1 0 . 1 6 3 0 . 5 1 4 9 . 6 2 6 3 2 . 65 6 4
29 6 0 0 . 2 1 5 0 . 1 6 7 0 . 7 2 6 6 . 9 4 1 3 2 . 7 1 7 4
296 6 0 . 2 9 0 0 . 1 4 8 0 . 4 9 9 9 . 4 4 7 3 2 . 6 6 4 3
2 9 9 6 0 . 3 4 2 0 . 1 8 7 0 . 4 4 9 1 0 . 0 6 3 3 2 . 6 2 9 1
Of
Tr-i D i e  3 . 3
. .1 cl \ ' '■ ri
3CC L 0 . 1 3 1 C. 1 :1 0.1 j 6 : .  4 L 9 3 2 . 7 9 5 2
3017 0 . 3 : 3 u • 1 L- , G . 3 4 : 3 . 5 c : 2 . 6 0 9 2
3 0 1 : 0 . 3 1 9 i. . 1 7 L 0 . ‘t / 3 c . u / L 2 . 6  34 3
3 0 2 0 0 . 3 0 ^ . 1 7 3 G. 4 25 l ù . l u G 2 . 6 4 2 2
3 0 : 3 0 . 0 : 4 G . 2 1 3 6 . 4 0 3 9 . 1 0 2 3 2 . 6 C : 3
3 0 5 . 0 . 2 : 9 G. 1 41 G. 4 9 • 3 G 4 2 . 6 : 9 3
3 0 : 1 0 . 2 1 3 G. 193 7 . LL 5 c 2 . 7  12 j
3 0 0 3 — C . L c u G. 1 : 2 G . 921 7 . - . U 3 2 . 8 8 4 5
3032 0 . 2 9 1 0 . 1  c 3 0 . 4 2 1 U . 2 2 3 4 2 . 6 5 0 3
3 1 0 : 0 . 2 0  0 G. 171 0 . 4 3 : 1 G. 3 L 7 3 2 . 6 8 5 u
3 1 K ^ . 2 6 3 C. 1 u 1 0 . 4 7 0 1 6 . 6 0 3 2 . 6 7 5
3130 C . 3 2 I G. 1 l 4 0 . 4 : 3 9 • 36 4 3 2 . 6 3 9
3133 0 . 2 1 4 0 . 2 9 9 0 . c 7 2 9 . 6  7 : 3 2 . 7 3 8
3100 0 . 2 9 0 G. -, 0^ : . c : ^ 3 2 . 6 4 5 5
3100 0 . 2 7 7 0 . 0 9 4 G . . 1 : 9 . 0^1 2 . 6 6 3 4
3210 0 . 2 9 2 0 . 1 6 0 0 . 4 9 3 9 . 3 0 5 3 2 . 6 7 4
3217 0 . 2 7 5 0 . 1  9o 0 . 4 0 6 6 . 3 0 3 3 2 . 6 5 6 3
3 2 4 4 0 . 1 7  1 0 . 1 4 9 0 . 7 7 3 C . 2 2 5 3 2 . 731 2
3257 0 . 2 4 4 G. 149 0 . 6  07 8 . 6 2 0 3 2 . 6 9 0 3
3299 0 . 1 3 7 0 . 1  67 G. w63 9 . 6 4 7 5 2 . 7 8 0 4
3300 G . 2 0 : 0 . 1 6 2 0 . 4 2 8 1 0 . 2 : 0 3 2 . 6 0 3 2
3311 G . 0 : 1 C . 241 0 . 9 2 6 9 . CGC 3 2 . 8 : 0 3
3314 0 . 3 3 9 G. 1 : 1 G. 391 9 . 7 : . 2, 2 . 6 1 8 1
331 : 0 . 3 3 : G. 1 91 G. 399 9 . 2 6 3 2 . 6 0 9
_  - C. 23G G. 7 2 j 6 . 0 4 6 c. • [ \ 4
0 . 2 2 3 C. 1 5: G. G 43 2 . 7 6 4 c
C2Û 1 0 . 2 : 9 0 . 1 6 - 0 . 4 2 6 7 . 8'G 4 2 2 . 6 6  G 3
3554 0 . 3 0 3 0.196- 0 . 3 4 3 9 . 257 4 2 . 6 4 * .
3391 0 . 2 : 9 0 . 1 6  : 0 . 4 6 6 1 0 . 0 7 1 2 . 6 5 8 2
3 3 8 9 0 . 2 3 4 0 . 1 9 4 0 . 7 0 0 7 . 9 3 4 2 . 6 9 9 4
3307 0 . 3 1 6 G. 141 0 . 3 8 2 1 0 . 0 4 8 3 2 . 6 3 2 3
5 41 7 0 . 1 6 5 0 . 1 7 : 0 . 7 1 0 1 0 . 7 6 0 3 2 . 7 3 7 2
3 4 2 3 0 . 2 5 6 0 . 1 6 0 0 . 4 9 4 1 0 . 2 3 9 3 2 . 6 7 9 3
3436 0 . 1 9 5 0.1  82 0 . 6 3 1 - 9 . 8 1 0 3 2 . 7 3 9 3
3437 0 . 3 1 4 0 . 1  86 0 . 4 7 4 1 0 . 0 9 6 3 2 . 6 3 8 2
3479 0 . 2 6 9 0 . 1 3 9 0 . 5 9 9 8 . 5 5 1 2 2 . 6 7 6 3
3506 0 . 2 6 4 0 . 1 5 7 0 . 5 3 7 6 . 3 7 8 3 2 . 6 6 2 3
3 5 2 5 0 . 3 2 0 0 . 1  56 0 . 4 6 2 8 . 7 8 7 3 2 . 6 4 8 2
3 5 5 9 0 . 1 1 6 0 . 2 0 1 O . 9 O8 8 . 5 3 3 3 2 . 8 3 2 3
3560 - 0 . 0 7 0 0 . 1 2 5 0 . 4 9 0 6 . 7 2 1 2 2 . 7 1 6 3
3561 0 . 2 6 5 0 . 1 5 7 0 . 4 9 2 7 . 1 0 1 3 2 . 6 7 9 3
3596 0 . 3 1 5 0 . 1 6 7 0 . 5 0 9 8 . 9 4 6 2 2 . 6 4 5 3
3 5 9 7 0 . 3 2 6 0 . 1 5 2 0 . 4 3 0 8 . 8 5 2 3 2 . 6 2 9 3
3 6 0 4 - 0 . 0 2 1 0 . 1 7 8 0 . 9 3 1 9 . 5 5 6 3 2 . 6 6 8 3
3621 0 . 3 7 3 0 . 1 3 4 0 . 3 9 8 8 . 3 1 7 4 2 . 6 0 7 4
3 5 2 2 0 . 1 1 5 0 . 2 0 6 0 . 8 1 2 7 . 7 5 7 3 2 . 8 0 5 3
3696 0 . 2 7 8 0 . 1 6 5 0 . 4 9 4 1 0 . 0 2 9 3 2 . 6 6 8 2
3734 0 . 2 9 2 0 . 1 3 0 0 . 4 1 2 9 . 2 6 9 3 2 . 6 5 2 3
3 7 3 5 0 . 3 4 0 0 . 1 3 0 0 . 3 6 2 6 . 6 7 3 2 2 . 6 1 3 4
3736 0 . 1 0 6 0 . 1 6 2 1 . 0 9 6 8 . 5 7 9 2 2 . 8 1 3 3
3 7 6 2 0 . 1 3 2 0 . 1 9 5 0 . 6 6 4 8 . 0 3 3 3 2 . 5 7 3 3
3 7 7 2 0 . 2 2 7 0 . 1 5 8 0 . 6 5 5 9 . 9 9 8 3 2 . 6 8 8 3
3 7 6 5 0 . 3 4 3 0 . 1 5 0 0 . 4 5 5 8 . 6 9 4 2 2 . 6 1 9 3
3 7 6 3 0 . 2 5 4 0 . 1 7 2 0 . 4 2 4 9 . 5 0 5 3 2 . 6 4 5 3
3 8 1 3 0 . 2 9 0 0 . 1 6 3 0 . 4 3 2 1 0 . 1 7 9 3 2 . 6 4 6 2
3 6 1 2 0 . 2 6 3 0 . 1 5 2 0 . 5 0 4 9 . 5 7 4 3 2 . 6 5 8 2
3 8 3 5 0 . 3 4 3 0 . 1 4 4 0 . 4 0 5 8 . 3 5 6 3 2 . 6 2 5 3
3 8 5 0 0 . 2 6 1 0 . 1  55 0 . 5 0 8 9 . 3 2 6 3 2 . 6 8 5 3
386 4 0 . 2 6 7 0 . 1 5 5 0 . 5 6 0 9 . 1 0 8 3 2 . 6 4 9 3
386 5 0 . 2 6 4 0 . 1 7 9 0 . 4 7 2 9 . 8 4 1 3 2 . 6 7 0 2






V * i cC tC 1:
0 . 0  5 *.. 0 . 1 c l 0 . : 7  5 8 . 32 1 3 2 . 8 u2 3
3875 0 . 2 : 7 0 . 76 1 C. ‘”21 1 0 . 1 1 9 3 2 . 6 7 9 3
3 : : L - 0 . 0 6 0 0 . 1 :2 9 . 7 : 9 3 2 . 7 6 4 4
3 9 7 : 0 2 uO 0 . 162 \J 9 "-X 9 . 6 2 4 3 2 . 6 7 7 3
3:  S' 9 0 . 0 4 0 0 . 2 1 9 0 . s :7 9 . 3 2 J 2 . w38
4 : 1 0 C . 2 L 0 C . 1 5 : c . 23^ 9 .  : 37 3 2 . 6 5 5 2
401 1 0 . 2 1 7 0 . 1  40 C. L 5l 9 . 5 7 0 3 2 . 7 0 3
4 0 2 : 0 . 3 0 6 0 . 1 5 7 0 . 4 : 7 9 . 25 1 2 2 . c 58 4
4 : 3  5 0 . 3 2 4 0 . 1 6 1 0 . 411 8 . 7 2 4 3 2 . 6 2 8 3
4050 0 . 1 5 5 0 . 2 1 4 0 . 7 7  = 1 0 . 5 9 3 3 2 . 75 1 2
400 : - 0 . 0 2 1 0 . 1 5 9 G. 91 4 6 . 0 4 2 3 2 . 8 6 4 3
407 0 0 . 2 6 5 0 . 1  4 u G. 5 : 2 1 0 . 221 2 . 6 5 2
4 0 7 3 o . 2 u : 0 . 1 5 6 9 . 5 9 1 3 C # C 0 3
4 1 1 0 0 . 2 0 9 0 . 1 7 1 0 . 6 : 9 1 0 . 2 : 2 2.TZG 3
4 1 2 4 0 . 3 2 1 0 . 1  o4 0 . 4 3 : 8 . 2'4 0 2 . 6 4 4 3
4 1 4 : 0 . 3 1  1 0 . 1 2 : 0 . 3 : 2 8 . 9 2 1 2 2 . 6 4 0 3
4157 0 . 0 0 1 0 . 1  54 1 . 0 7 1 9 . 5 8 5 3 2 . 8 1 3 4
4 1 5 : 0 . 2 2 3 0 . 0 9 5 0 . 7 4 4 9 . 5 3 : 2 . 6 7 4 4
4 1 6 9 C.3G: 0 . 1 6 0 0 . 4 3 c 7 . 6 2 : 2 . 6  52 3
4 1 : 9 0 . 3 3 9 0 . 1 7 4 0.342 9 . 03 1 2 2 . 6 2 0
421 C 0 . 3 0 3 0 . 1  55 0 . 4 6 7 9 . O j o 3 2 . 6 6 4 3
4247 0 . 2 3 c 0.137 0 . 5 5 3 ' r r 4
424 : 0 . 1 3 1 0 . 2 1 0 0 . . 5 1 1 0 .  S-'. 3 2 . ;  03 C.
4 2 : 9 0 . 2 2 3 0 . 1 5 1 w • L ^ 8 . 9 2 5 2 2 . 6 9 9 3
4 2 : 0 0 . 2 ^ 0 0 . 1 5 3 0 . r ^ 3 2 . 6 8 1 4
407 4 0 . 3 5 5 C. 1 5v 0 . 4 : 2 8 . 7 1 5 2 . 6  07 3
4 2 u : 0 . 3 0 : 0 .  1 40 0 . 4 4 9 9 . 346 2 . 6 2 : 2
4 2 : 9 0 . 2 5 3 0 . 1 6 6 0 . 5 0 : 8'. 9 3 - 3 2 .  D 3 2 3
4291 0 . 2 7 9 0 . 1 3 ; 0 . 511 5 . 9 :  5 2 2 . 6 7 2 3
4327 0 . 0 7 7 0 . 1 8 : 1 . 0 5 9 9 . 5 0 6 3 2 . 5 4 2 4
4 3 2 9 0 . 0 6 5 0 . 2 1 2 1 . 0 3 8 1 0 . 1 2 0 3 2 . 8 7 0 3
4 3 3 : 0 . 1  83 0.189 0 . 6 0 6 6 . 4 6 6 2 2 . 7 5 0 3
4 3 3 9 0 . 2 8 6 0 . 1 4 9 0 . 4 7 4 9 . 8 0 0 3 2 . 6 5 6 3
4 3 7 5 0 . 2 9 0 0.1 50 0 . 5 2 7 7 . 2 6 1 - 3 2 . 6 5 3 3
4 3 9 7 0 . 3 4 9 0 . 1 3 9 0 . 2 9 2 9 . 0 0 5 3 2 . 59 1 3
4 3 9 9 0.158 0.195 0 . 8 0 6 9 . 6 4 6 3 2 . 7 7 4 3
4 4 1 4 0 . 1 8 8 0 . 1 6 8 0 . 7 0 3 9 . 0 6 3 3 2 . 7 3 4 4
441 7 0 . 3 1 0 0 . 1 8 0 0 . 4 2 3 9 . 8 6 1 3 2 . 6 2 2 2
4426 0 . 3 2 5 0 . 1 5 8 0 . 4 6 9 9 . 4 7 7 1 2 . 6 2 9 3
4 4 5 5 0 . 3 0 0 0 . 1 5 1 0 . 431 6 . 9 5 6 3 2 . 6 4 1 3
4 4 7 0 0 . 2 6 2 0 . 1 5 6 0.541 9 . 3 0 5 3 2 . 6 6 5 3
4 4 5 5 0 . 0 5 1 0 . 1 7 9 0 . 9 5 2 1 0 . 5 1 6 3 2 . 8 5 5 2
4507 0 . 1 2 1 0 . 2 1 9 0 . 9 0 7 7 . 4 9 6 3 2 . 8 1 9 3
4 5 3 0 0 . 3 3 1 0 . 1 6 6 0 . 4 0 5 9 . 0 5 5 3 2 . 6 2 5 3
4586 0 . 2 3 7 0 . 1 5 8 0 . 6 1 6 9 . 1 8 3 3 2 . 6 8 6 3
4596 0 . 2 9 6 0 . 1 5 2 0 . 5 3 9 9 . 1 1 7 3 2 . 6 4 4 3
4 6 2 2 - 0 . 0 3 1 0 . 1 4 2 9 0 . 9 6 0 5 . 5 6 2 2 2 . 8 4 2 4
4 6 2 3 0 . 1 9 6 0 . 1 6 9 0 . 7 3 6 7 . 5 7 2 3 2 . 7 2 2 3
4 6 4 2 0 . 3 5 6 0 . 1 9 3 0 . 3 1 6 9 . 2 5 2 2 2 . 6 0 5 3
4 6 7 9 0 . 3 0 9 0 . 1 4 7 0 . 4 2 7 8 . 6 6 6 3 2 . 6 4 9 3
4 6 8 9 0 . 2 5 5 0 . 1 6 5 0 . 4 6 9 9 . 4 2 4 3 2 . 6 4 2 3
4691 0 . 2 2 4 0 . 1 5 5 0 . 5 8 0 6 . 7 6 5 3 2 . 6 9 7 3
4 7 3 1 A 0 . 29 1 0 . 1 8 1 0 . 4 3 7 8 . 8 4 7 4 2 . 6 6 7 2
4 7 3 1 B 0 . 4 0 0 0 . 2 0 0 0 . 3 8 2 1 0 . 0 7 5 4 2 . 6 0 5 2
4 7 3 5 0 . 3 1 8 0 . 1 5 1 0 . 4 1 7 8 . 9 7 3 3 2 . 6 1 5 3
4 7 6 3 0 . 2 9 0 0 . 1 3 3 0 . 4 5 1 8 . 5 2 8 3 2 . 6 4 9 3
4 7 7 2 0 . 0 6 7 0 . 1 6 5 1 . 1 9 5 6 . 2 6 8 2 2 . 8 3 2 4
4 7 9 2 0 . 3 4 8 0 . 1 7 8 0 . 4 1 6 9 . 4 5 6 3 2 . 6 0 7 3
4876 0.212 0 . 2 2 6 0 . 6 1 6 9 . 4 3 0 3 2 . 6 7 5 3
4966 0 . 3 5 3 0 . 1 4 5 0 . 3 1 9 9 . 5 0 8 3 2 . 5 9 4 3
A9 - __ -—
Table 3 .3 •^ ♦
j  : :c. ( :..1 c l V
497 4 0 . 2 1 : 0 .  1 G G C . G L 4 9 . 4 . 4 V 2 . 7 2 1 ■-
4 : 7  5 0 . 3 0 7 0 . 1 c *1 0 . 3 : 5 7 . 1 3 3 2 . 6 1 7 3
4 ; u : 0 . 1 6 : 0 . 2 3 3 9 . 1 7 5 2 2 . 6 2 0 3
4 : 9 9 0 . 2 5 7 0 . 1 5 8 0 . 5 1 6 9 . 2 2 3 3 2 . 2 7  7
5024 0 . 2 1 9 0 . 1 : 2 G. 7 6 0 9 . 2 1 4 1 2 . 6 9 4
5 0 : 7 0 . 3 0 5 0 . 1 5 2 G . 45 2 7 . 6 2 1 2 2 . 6 6  5 3
5 0 6 0 0 . 3 2 5 0 . 1  7 5 0 . 3 9 6 9 . 4 . 7 3 2 . 6  35 3
5 0 : 1 0 . 0 1 2 0 . 1  40 1 . 1 0 9 8 . 6 2 9 3 2 . 8 6 6 3
513 0 0 . 1 : 3 0 . 2 2 0 0 . 7 4 0 7 . 6 1  5 3 2 . 7 : 0 2
5 1 3 4 0 . 3 5 9 0 . 1 7 2 G • J WL. 9 . 0 : 2 3 2 . 6 1 4 c
514 5 0 . 2 8 5 0 . 1  47 G. 517 9 . 2 9 : 2 . 6 5 1 j
5150 0 . 2 8 L 0 . 1 4 3 0 . 5 2 2 6 . 4 3 7 3 2 . 6 5 5 4
517 3 G . 221 0 . 1 : 2 0 . 6  19 2 . 3 3 ^ 2 . 7 1 5 3
5 2 0 4 0 . 3 1 8 0 . 1 7 4 0 . 4 1 4 9 . 6 0 . 3 2 . 2 3 3 3
52C5 0 . 2 2 7 0 . 1 6 4 0 . 6 4 : 8 . 5 8 3 3 2 . 7 0 5 3
5 2 2 8 0 . 2 8 0 0 . 1 5 6 0 . 4 7 1 8 . 9 7 9 3 2 . 6 5 7 3
5 2 5 0 0 . 2 7 0 0 . 1  49 0 . 6 0 9 8 . 8 1 0 1 2 . 6 4 2 2
5251 0 . 2 7 1 0 . 1 5 9 0 . 5 0 0 8 . 9 6 2 2 2 . 6 4 5
52Ô 5 0 . 2 6  8 0 .  1 44 0 . 5 0 1 8 . 5 4 3 3 2 . 6 7 8 3
527 0 0 . 3 3 3 0 . 1 6 0 0 . 4 5 5 1 0 . 0 5 9 1 2 . 6 2 7 1
527 1 C. 25G 0 . 1 6 4 0 . 7 1 0 8 . 0 5 1 2 . 6 9 4 3
0 . 3 0 1 G. 1 2 : G . 4 6 4 9 . 3 0 4 3 2.C 50
5321 C.27 4 0 . 1 4 5 0 . 9 1 5 2 . 4 4 2 3 1 .  :  C 7 3
5 3 3 : 0 . 3 4 2 0 .  172 0 . 4 5 3 0 . 2 . 1 3 2 . 6 4 3
5 4 2 3 G. 2 5 9 0 . 1 9 3 G .  c : ( . 9 4 9 1 2 . 6  3 : 1
5444 G . 3 3 5 G. 1 53 G. 359 2 . 1 7 2 3 2 . 6 1 5
0 . 2 8 1 0 . 1 6 4 G -  :  : 9 . 7  51 1 2 . 6  4 5 2
545C 0 . 3 0 3 G. 1 4u 0 . 4 5 6 8 . 9 5 ü 2 . 6 4 0 3
5487 0 . 0 4 9 0 . 1 7 2 1 . 1 0 3 8 . 0 5 4 5 2 . 8 9 :
5496 - 0 . 0 3 3 0 . 1 2 3 0 . 9 2 2 1 0 . 5 7 3 1 2 . 8 1  1 2
5497 0 . 1  02 0 . 2 1 3 0 . 8 4 2 9 . 0 4 9 3 2 . 8 3 6 4
5 5 0 6 0 . 3 5 4 0 . 1 3 5 0 . 3 3 1 8 . 8 7 9 3 2 . 5 9 3 3
552 4 0 . 0 5 6 0 . 1 8 9 1 . 0 4 3 7 . 1 9 9 3 2 . 8 9 7 3
5531 0 . 3 1  8 0 . 1  56 0 . 4 1 7 8 . 7 5 3 3 2 . 6 2 4 3
5546 0 . 1 2 2 0 . 1 7 7 0 . 9 7 4 1 0 . 2 2 6 1 2 . 8 1 1 2
5 5 9 0 0 . 2 5 8 0 . 1 6 5 0 . 5 1 3 9 . 1 8 6 3 2 . 6 9 7 3
5 6 1 7 0 . 0 4 2 0 . 1 6 8 1 . 0 3 7 6 . 9 1 6 3 2 . 8 9 3 3
5 6 1 8 0 . 0 7 0 0 . 1  98 1 . 0 9 5 8 . 8 6 9 3 2 . 8 6 0 3
56 3 0 0 . 2 0 2 0 . 2 0 0 0 . 7 0 4 9 . 9 9 1 1 2 . 7 3 2 2
56 4 3 0 . 2 5 5 0 . 0 8 5 0 . 6 3 2 7 . 7 4 1 3 2 . 6 7 5 3
566 9 0 . 2 8 6 0 . 1 6 6 0 . 4 9 1 8 . 8 7 0 3 2 . 6 6 4 3
56 9 6 0 . 3 0 9 0 . 1 4 2 0 . 4 2 2 9 . 3 3 5 3 2 . 6 3 5 4
5 7 3 7 - 0 . 0 6 0 0 . 1 1 1 0 . 4 5 1 4 . 3 0 2 2 2 . 6 5 8 3
5 7 4 5 0 . 3 2 3 0 . 1 4 5 0 . 4 5 6 9 . 0 5 1 3 2 . 6 3 2 3
576 8 0 . 2 9 0 0 . 1 7 4 0 . 6 1 3 9 . 9 4 7 1 2 . 6 5 5 2
5 7 6 9 0 . 1 0 6 0 . 2 0 6 0 . 9 0 9 9 . 3 0 7 3 2 . 8 6 8 3
5 8 1 5 0 . 2 8 8 0 . 1 4 9 0 . 5 2 1 9 . 3 6 4 4 2 . 6 3 5 3
58 1 6 0 . 1 6 6 0 . 1 9 9 0 . 8 1 8 9 . 3 0 3 3 2 . 7 5 5 3
582 4 0 . 1  89 0 . 1 5 9 0 . 7 1 6 9 . 6 3 7 1 2 . 7 2 9 3
5 83 6 0 . 3 3 1 0 . 1 6 3 0 .  50 0 9 . 5 1 8 3 2 . 6 3 8 3
586 8 0 . 3 2 6 0 . 1 2 5 0 . 4 1 3 8 . 5 2 0 3 2 . 6 3 4 3
566 5 0 . 4 3 8 0 . 1 9 1 0 . 3 6 3 9 . 7 4 2 1 2 . 5 8 2 2
566 6 0 . 3 2 1 0 . 1 7 5 0 . 4 7 9 9 . 0 3 9 3 2 . 6 4 9 4
5 9 1 0 0 . 2 6  1 0 . 1  51 0 . 4 7 9 8 . 3 5 0 3 2 . 6 6 8 4
5 9 1 2 0 . 3 3 3 0 . 1 5 3 0 . 3 9 6 9 . 5 0 7 4 2 . 6 2 5 4
5921 0 . 2 9 5 0 . 1 5 5 0 . 5 0 7 9 . 0 4 3 3 2 . 6 6 2 3
5 9 2 2 0 . 3 6 2 0 . 1 9 5 0 . 3 2 3 1 0 . 0 2 9 1 2 . 5 9 1 2
5 9 3 2 0 . 2 2 7 0 . 1 5 6 0 . 6 5 8 7 . 8 7 1 3 2 . 7 1 0 3
5961 0 . 2 7 2 0 . 1 6 3 0 . 4 5 2 8 . 8 1 8 3 2 . 6 6 1 3
6 0 0 2 0 . 2 3 9 0 . 1 4 3 0 . 6 8 2 9 . 9 4 0 1 2 . 6 9 8 2
i b le  3 . 3 . ^ .
( c - . / 1..1 Cl *•
C03C 0 . 2  5 1 0.  1 52 0 . 5 : : 9 .  C 1 u •  u  1 2
ô u j L 0 . 2 5 c C. 1 43 0 . 4  92 5 . 6 6 5 2 . 6 3 6 3
6 0 :  S 0 . 2 0 . , 0 . 1 7 3 0 . 5 3 5 C . 9 12 2 . 7 2 0 3
COLt 0 . 2 1 5 0 . 1 6 5 0 . 6 3 0 9 . 7 5 0 2 . 7 0 3 3
û i : 9 0 . 3 2 c 0 . 1 6 3 0 . 4 4 ^ i  . c  L ' c 2 . 6 2 5
6 1 4 0 0 . 2 1 : 0 . 1 3 1 C. C 2 : 2 . 4 4  1 2 . : 0 3
617  6 0 . 0 4 1 C. 1 27 I . O O i 5 . 4 9 4 2 2 . :  56
6196 0 . 3 1 3 0 . 1  52’ 0 .  3 2 : 1 0 . 0 : 2 3 2 . 6 2 4 2
6219 0 . 3 2 9 0 . 1  49 0 . 4 4 9 5 . 1 3 2 4 2 . 6  18 c
6 2 3 4 C . 3 3 0 0 . 1 7 0 0 . 2 5  9 2 .  51 L 3 2 . 6 0 5 3
6 2 4 4 0 . 2 2 3 0 . 1 3 4 0 . 4 3 1 •  0 V. w 2 . 6 5 1 3
627 0 0 . 2 5 7 0 . 1 6 5 0 . 4 ( 3 9 . 5 : 5 3 2 . 6 6 t 2
6 2 9 2 0 . 4 2 5 0 . 1 : 3 0 . 5 1 c 1 0 . 15: 1 2 . 5 7 7 2
6 3 0 7 0 . 3 0 5 0 . 1 5 5 0 . 4 2 4 8 . 7 6 5 2 . 6 3 2 3
6 3 2 2 - 0 . 0 4 4 0 . 1 6 0 0 . 9 7 1 9 . 2 2 8 3 2 . 8 2 2 4
6 3 3 9 0 . 3 1 6 0 . 1 7 5 0 . 5 1 1 9 . 8 7 1 3 2 . 6 5 1 2
6 3 4 0 0 . 0 4 1 0 . 2 1 2 1 . 0 0 4 8 . 9 8 6 3 2 . 9 1 0 3
6 3 5 2 0 . 1 4 4 C. 1 92 0 . 8 3 7 1 0 . 5 2 9 3 2 . 8 1  1 2
6 3 5 3 0 . 3 0 2 0 . 1 6 3 0 . 4 6 : 6 . 9 4 3 4 2 . 6 4 9
6 3 5 4 0 . G7C 0 . 2 0 8 1 . 0 2 1 7 . 0 2 5 2 . 8 5 2 ' j
6 3 6 3 0 . 2 3 2 0 . 1 6 3 0 . 6  02 9 . 2 6 2 4 2 . 6 9 7 3
6 3 6 4 0 . 1 7 2 0 . 2 0 3 D . 7 34 9 . 6 2 2 2 . 7 6 9
. 3 6 5 0 . 1 5 0 9 . c 0 5 4 2 .7 Oi
0 . 1 6 6 0 . ^ 9 7 9 . 311 3 2 . 6 3 : c
>-367 0 . 1 4 4 0 . 4 7 1 ; . 2 7 5 2 2 . 6 6 4 3
6 3 5 0 0 . 3 1 0 . 1 7 2 8 . 7 5 3 s 2 . 6 5 5
c 4 j  2 0 . 3 3 3 0 . 1  40 C . 434 8 . 2 3 c 3 2 . 6 3 5
6 41 1 0 . 3 1 5 0 . 1 6 c 0 . 3 8 7 9 . 3 8 4 4 2 . 6 2 1
( . 412 0 . 3 0 5 0 . 1 4 6 0 . 5 3 6 7 . 4 7 9 0 2 . 6 3 6 3
6 4 2 7 0 . 3 0 5 C.2ÔG 0 . 3 8 9 1 0 . 4 4 0 2 . 6 2 3 2
6451 0 . 1  16 0 . 2 5 7 0 . 8 8 5 8 . 5 6 3 3 2 . 8 4 3 3
6 4 9 2 0 . 1 6 5 0 . 1 8 6 0 . 8 5 5 9 . 1 7 5 4 2 . 75 1 3
6 4 9 3 0 . 2 6 4 0 . 1 4 6 0 . 4 8 6 7 . 1 7 2 3 2 . 6 7 0 3
6491 0 . 2 3 9 0 . 1 6 0 0 . 6 3 9 8 . 1 1 5 3 2 . 7 1 6 3
6 5 0 4 0 . 3 1 4 0 . 1 6 3 0 . 4 4 9 6 . 2 7 7 3 2 . 6 5 5 4
6 5 1 5 0 . 2 2 3 0 . 1 6 7 0 . 5 8 3 8 . 4 9 4 3 2 . 7 1 3 3
6 5 1 6 0 . 2 3 6 0 . 1  42 0 . 5 2 7 9 . 2 1 9 4 2 . 6 9 6 2
653 1 0 . 2 9 2 0 . 1 6 4 0 . 45 1 8 . 9 8 1 4 2 . 6 5 5 3
6 5 3 2 0 . 0 8 0 0 . 2 3 3 0 . 6 5 1 8 . 4 2 7 3 2 . 6 8 4 3
6 5 3 3 0 . 3 3 7 0 . 1  56 0 . 3 3 8 9 . 3 0 5 3 2 . 6 1 9 3
6 5 4 7 0 . 1 7 2 0 . 2 0 1 0 . 7 1 9 9 . 0 6 0 4 2 . 7 6 3 3
6 5 4 6 0 . 2 9 6 0 . 1 5 1 0 . 4 5 9 9 . 7 9 2 3 2 . 6 4 4 3
6 5 9 4 0 . 3 7 4 0 . 1 7 9 0 . 4 0 6 8 . 1 1 1 3 2 . 6 1 7 3
6 5 9 3 0 . 3 0 3 0 . 1 6 6 0 . 4 4 9 9 . 3 1 1 4 2 . 6 5 8 3
6 6 1 9 0 . 0 5 6 0 . 2 3 8 1 . 0 1 3 6 . 6 0 5 2 2 . 8 5 0 3
6 6 4 0 0 . 3 2 3 0 . 1 6 0 0 . 5 1 4 6 . 1 8 9 4 2 . 6 3 6 3
6 6 5 3 0 . 3 3 9 0 . 1 6 2 0 . 3 4 7 1 0 . 0 1 6 3 2 . 6 0 9 2
6 6 6 6 0 . 1 3 0 0 . 2 0 1 0 . 8 2 6 6 . 3 4 8 3 2 . 8 2 6 3
6 6 7 0 0 . 2 1 3 0 . 1  50 0 . 6 5 2 9 . 3 7 5 2 2 . 7 1 8 3
6 7 2 3 0 . 1 7 8 0 . 1 7 1 0 . 7 4 6 9 . 0 8 1 2 2 . 7 3 7 3
6 7 2 4 0 . 2 5 3 0 . 1 4 5 0 . 6 1 9 9 . 3 0 3 2 2 . 6 8 3 3
6 7 4 0 0 . 3 1 0 0 . 1 7 0 0 . 4 1 9 9 . 9 6 2 3 2 . 6 3 3 3
6 7 9 0 0 . 3 5 0 0 . 2 0 4 0 . 3 4 0 9 . 3 5 3 3 2 . 6 0 2 3
6 6 0 7 0 . 2 9 4 0 . 1 3 3 0 . 4 6 2 9 . 8 6 4 1 2 . 6 4 5 2
6 806 0 . 3 5 1 0 . 1 6 1 0 . 3 6 6 8 . 2 0 6 3 2 . 6 0 6 3
6 8 5 5 0 . 2 3 1 0 . 1 6 4 0 . 5 7 2 9 . 4 3 6 2 2 . 6 9 2 3
6 6 6 6 0 . 3 1 3 0 . 1  54 0 . 431 8 . 1 8 6 3 2 . 6 4 0 3
6 8 9 4 0 . 5 8 6 0 . 3 9 6 0 . 3 8 3 1 0 . 3 9 9 4 2 . 5 4 3 2
6 9 5 8 0 . 0 5 0 0 . 2 1 9 0 . 9 3 3 6 . 4 0 7 3 2 . 8 8 4 3
6 9 9 3 0 . 2 8 1 0 . 1 5 3 0 . 4 7 1 9 . 9 1 1 2 2 . 6 5 7 3
T ab l e  3 * 3 * 4 .  •
L ne. ( L - : ) ;.1 c l *•
703, ' 0.345 0.185 G.43O . c  12 2 c. . v 2 1 2
7C3: C.252 0 . 1 7 5 2 .  5C 9*323 2 ^ » L*' w 4
70 5 ^ 0.3^0 0.166 0 . 4 3 7 10.171 3 2.623
7059 0.26 c 0.145 0.539 1 . 271 3 2 .6 :  e
7 07 S' 0.2c 3 0 . 1  55 0.599 1 0 . 2 1 2 2 . 6 6 5
7052 0.413 0 . 2 1 1 0.319 1 0 . 4 4 6 2.5 i2 2
7 1 3 5 0.26 3 0 . 1  53 0 . 5 4  : 9*70c 2 2.6 L 2
7 U * i G. 1 1 1 0 . 2 2 c 0 . 2 5 4 9.262 4 2.838
72C9 0 . 27 1 0 . 1  53 0 . 4 6 2 9 * 6 7 2 2 2 . 6 7 8 i ,
7 2 5 7 0.303 0 . 1 4 7 0 . 4 0 4 7 . 6 2 c 2 . 6 4 2
7 2 5 5 0 . 3 0 5 0.155 0.512 8.502 2 2.660
72C5 0 . 3 0 5 0 . 1 5 : 0 . 4 3 9 9 * 07 2 2 2.652 3
7 2c 1 G . 3 IG 0 . 1  5S 0 . 4 5 4 9 . 5 8 7 2 . 6 2 8 3
7 3 1 2 0 . 1 6 6 0 . 1  95 0 . 8 1 6 5 . 9 4 2 2 2 . 7 6 4 3
7323 0 . 0 6  6 0.163 1 . 0 5 5 7 . 8 0 2 0-, 2 . 8 5 9 2
7382 0 . 2 6  9 0.174 0 . 4 5 4 7 . 2 4 8 4 2 . 6 7 8 3
7 3 9 9 0 . 2 9 9 0 . 1 6 7 0 . 4 2 2 2 .  247 2 2 . 6 4 4 3
7 4 0 0 0 . 2 0 9 0 . 1 7 5 0 . 7 1 1 9 . 7 3 4 2 2 . 7 3 4 5
7 4 1 3 0 . 3 1 0 0 . 1 7 6 0 . 4 7 1 9 * 5 1 : 2 2 . 6 5 5
7 4 c c 0 . 3 0 0 0 . 1 4 4 0 . 4 4 5 2 . 2 1 6 3 2 . 6 5 0 3
7 4 8 7 0 . 3 2 7 0 . 1 8 3 0 . 1 4 1 c « ( LvC 2 2 . 6 3 0
745: 0.143 0 . 2 0 4 0 . 7 2 . 2.524 4 2 . 8 1 1
0 . 1 9 9 0 . 1 7 1 0 . 2 5 : 9 . 5 6 2 2 . 7 1 1
7594 0 . 3  82 0 . 1 : c C . 3 22 C ’ . ■*! c"L 2 2 . 6 0 2
'■'ICO 0 . 2 c 0 0 . 1 7 5 0 . 3 9 0 2 . 6 9 : 2 . 6 : 9
7307 0 . 3 7 0 0 . 1 3 6 0 . 3 9 2 9 . 2 4 1 1 2 . 6 0 5 2
7C25 0. 1  84 0 . 1 7 9 0 . 7 5 5 7 . 1 2 7 2 . 7 4 2 I
7631  . 0 . 3 2 3 0 . 1 7 6 0 . 4 3 0 9 . 2 1 c 2 . 6 3 8 2
7 6 4 2 0 . 2 8 6 0 . 1 4 c 0 . 4 5 3 8 . 8 6 4 2 2 . 6 5 2
7 6 4 3 0 . 2 7 0 0 . 1 5 7 0 . 5 9 8 8 . 2 5 4 5 2 . 6 8 0 3
7676 0 . 0 8 5 0 . 2 6 0 0 . 7 1 5 8 . 3 7 5 3 2 . 6 3 0 3
7704 0 . 3 3 5 0 . 1 8 5 0 . 4 4 4 8 . 9 2 0 2 2 . 6 3 0 3
7729 0 . 5 4 4 0 . 1 4 4 0 . 3 6 8 8 . 7 5 9 3 2 . 6 2 5 3
7 7 3 9 0 . 2 7 0 0 . 1 6 1 0 . 5 0 1 8 . 8 7 7 3 2 . 6 5 1 2
7751 0 . 2 5 0 0 . 1 5 3 0 . 5 8 0 8 . 2 9 1 4 2 . 6 8 8 3
7766 0 . 3 1 0 0 . 1 7 8 0 . 4 1 7 6 . 7 4 2 2 2 . 6 4 8 2
7 6 1 7 0 . 3 4 3 0 . 1 6 0 0 . 3 4 2 8 . 1 6 6 3 2 . 6 1 7 37826 0 . 1 9 2 0 . 2 0 8 0 . 6 7 7 9 * 7 4 1 2 2 . 7 3 5 2
7 8 2 7 0 . 2 8 9 0 . 1 4 5 0.496 1 0 . 0 2 3 2 2 . 6 6 0 2
7 8 6 7 0 . 2 9 6 0 . 1 4 6 0 . 4 2 3 6 . 6 2 8 3 2 . 6 4 8 3
7 8 7 5 0 . 1 6 5 0 . 2 3 9 0 . 6 3 2 9 . 7 1 2 4 2 . 7 3 9 3
7 8 7 6 0 . 0 8 5 0 . 2 1 1 0 . 9 9 2 1 0 . 0 4 7 3 2 . 8 5 2 5
7 6 9 6 0 . 1 5 8 0 . 1 8 2 0 . 8 2 1 7 . 7 2 9 3 2 . 7 6 2 3
7 9 0 8 0 . 1 9 6 0 . 1 3 6 0 . 6 6 0 7 . 2 8 6 3 2 . 7 2 9 4
7 9 3 2 0 . 2 9 7 0 . 1 7 7 0 . 3 9 0 9 . 8 9 4 3 2 . 6 3 5 3
7951 0 . 3 6 7 0 . 1 9 8 0 . 3 4 6 9 . 8 1 2 2 2 . 5 9 9 2
7954 0 . 2 0 3 0.189 0 . 7 7 7 8 . 7 3 4 3 2 . 7 3 8 3
7971 0 . 2 6 9 0 . 1 6 8 0 . 4 7 1 9 . 1 0 3 2 2 . 6 6 9 3
8033 0 . 1 7 9 0 . 2 0 5 0 . 6 4 5 9 . 1 8 8 4 2 . 7 3 3 3
8 0 4 0 0 . 3 0 3 0 . 1 5 4 0 . 4 1 8 7 . 8 3 4 3 2 . 6 5 7 3
8 0 7 2 0 . 5 5 5 0 . 1 6 4 0 . 4 0 2 9 . 2 8 5 2 2 . 6 1 9 3
8076 0 . 3 8 5 0 . 1 9 5 0 . 3 3 3 7 . 6 4 3 3 2 . 6 0 8 3
6 1 0 4 0 . 3 3 3 0 . 1 6 1 0 . 4 4 6 9 . 4 5 2 2 2 . 6 2 3 3
6130 0 . 0 2 7 0 . 1 5 6 1 . 03 1 7 . 4 3 7 3 2.877 3
614 5 0 . 1 9 2 0 . 19 6 0 . 7 7 9 8 . 4 3 8 3 2 . 7 5 0 3
8 1 6 4 0 . 2 8 8 0 . 1 7 1 0 . 4 2 4 9 . 1 7 3 2 2 . 6 4 4 2
8 2 7 9 0 . 2 9 9 0 . 1 6 0 0 . 4 1 3 9 . 5 1 2 2 2 . 6 3 8 3
8 2 8 2 0 . 3 0 7 0 . 1 4 8 0 . 3 6 9 9 . 0 3 0 2 2 . 6 3 6 3
8 3 0 4 0 . 3 4 2 0 . 1 5 7 0 . 4 0 8 9 . 7 6 8 1 2 . 6 1 6 4
Taole 3.3.4.
_ ' G. { G-.' ) . .1 c 1 *•
c j  : - C .382 1.153 8.492 6.34: 2 C • V l/w 4
g3g'i 8.141 8. 2 8 G 0.987 6.701 , c 2
t G - G 8.233 0.25 3 G. 3 87 ; . 8 i : 3 2.731Il ^c * 1 c c 0.291 8. 1 5', 0.459 8.291 3 2.6:4
o4U C. 2 7 3 0.18: 0.215 8 .857 2 2.C 55
8 4c L C.32O c. 18: 0.437 5 . 411 1 2.64c
84' 1 8.3:2 8.12c 0.551 9.832 2.6 80 4
847 1 0.315 0.170 0.421 9.446 1 2.640 3r • , r ■ O*-! s- i 0.138 0.209 G.: 1 5 6 .644 2. c2 c 3
8:08 0.077 0.200 0.995 ô.bOD 2.86 £(-8- 0 ^ 0.277 0 . 1 54 8.510 8.777 2 . : : :881: 0.273 0. 1 4 c 0.46 c 9.2:1 1 2.6 53
c7 1 5 0.383 0. 1 44 8.451 8.061 3 2.643 2
87 1C 8.1 32 0.197 0.929 8.919 3 2.790
8743 0.097 8.192 0.950 8.860 3 2.852 0
&7S5 0.278 û. 1 56 0.529 9.742 1 2.652 3
8806 0.302 G. 1 44 0.383 6.845 2 2.641 2
c cfL 0.059 0.223 1.013 8.919 3 2 .67 5 ?88c: 0.216 8.1 50 0.6:9 9.772 1 2.716 4
8895 8.2 c 8 0.151 8.533 6.892 3 2.65c 38 G : 3 0 . 2 Cl M 8.153 0.479 - 9.592 2 2.6:4 2C924 8.178 C . I7O 0.765 10.014 2 2.757 r
8988 0.035 8.22c C . 9 :  c 9 . 1 0 *1 2. 9 V,' ■-
893 3 0.171 8.519 8.531 2.652
8 97 L 0.215 0.255 0.701 c . 4 9 2.7 3
89:3 l . Z ' i  3 0.231 8.961 8.783 3 2.265 31983 G . G G G 0.153 0.407 7 .720 3 2 . L 4 2
9G19 0.277 0.1 52 0.553 8.752 1 2.660 3
902: 0.210 0.188 0.735 8.108 4 2.743 3
9027 0.063 0.212 0.967 9.334 3 2.877
908 1 0.291 0.1 44 0.519 6.647 3 2.652 3
9083 0.153 G. 1 94 0.869 7.030 3 2.600 3
908 3 0.192 0.161 0.775 6.583 3 2.714 3
9064 0.355 0.169 0.356 8.844 3 2.626 5
9113 0.348 0.205 0.460 9.193 1 2.653 3
9131 0.303 0.162 0.374 9.154 1 2.639 3
9132 0.004 0.810 -0.208 5.124 4 2.669 5
9133 0.133 0.192 0.594 8.904 4 2.810 3
9134 0.315 0.178 0.353 9.052 2 2.634 3
9159 0.275 0.159 0.571 6.292 5 2.670 3
9205 0.232 0.160 0.605 9.319 2 2.698 3
9208 0.242 0.166 0.644 8.732 3 2.694 3
9245 0.369 0.1 88 0.403 9.153 2 2.606 3
9291 0.259 0.163 0.464 5.529 2 2.682 3
9292 0.214 0.162 0.691 6.032 3 2.713 3
9301 0.271 0.1 56 0.474 9.022 2 2.670 3
9310 0.306 0.1 57 0.458 9.333 2 2 .63e 3
9316 0.259 0.153 0.487 9.223 2 2.670 3
9317 0.269 0.155 0.467 8.465 3 2.645 3
9336 0.139 0.212 0.816 6.635 3 2.812 3
9400 0.093 0.177 1.014 9.409 3 2.621 3
9401 0.196 0.182 0.724 8.480 3 2.731 3
9411 0.166 0.195 0.759 7.243 3 2.761 3
9413 0.350 0.192 0.335 6.890 2 2.614 3
9422 0.299 0.176 0.435 9.640 2 2.639 3
9436 0.330 0.1 80 0.480 9.126 2 2.635 3
9451 A 0.097 0.218 0.881 7.990 1 2.835 2
945IB 0.277 0.131 0.241 8.996 1 2.593 19475 0.195 0.216 0.748 8.715 2 2.729 3
9467 0.148 0.220 0.821 8.650 3 2.806 3
iX- r. o . : .1 c 1 1. Xc wD
551 5 0 . 3 ^ 0 0 . 1 89 0 . 4 0 9 9 . 861 2 ^ . J c c
0 . 1 C 7 0 . 1 85 0 . 7 8 4 9 . 1  97 3 2 . 7 6 :
957 7 0 . 2 9 9 0 . 1 5c 0 . 4 2 8 8 . 2 c 3 3 3
9 : 0 7 0 . 3 4 5 0. 167 0 . 4 0 6 8 . 0 1 3 3 2 . 6  3 :
9391 0 . 2 8 7 C. 1 42 8 . C 32 9 . 7 2 3 1 2 . 6  c.; 2
9 3 7 3 0.1  30 C. 176 0 . 9 1 9 7 . c c 9 3 2 . 7 1  2 c
9 3 9 3 0 . 2 6 0 0 . 1 54 0 . 4 7 0 9 . 5 5 8 2 2 . 6 7 4 .
9 7 3 9 0 . 3 2 8 c. 164 C . 3 9 9 6 . 4 9 : 2 2 . 6 2 4 3
9 7 9 3 0 . 3 6 4 0 . 1 28 0 . 3 7 2 9 . 7 1 3 1 2 . 5 9 4 3
9857 0 . 2 0 7 c. 163 0 . 6 2 8 9 . 7 2 5 3 2 . 7 1 5 3
9903 0 . 2 0 9 0. 1 81 0 . 6 9 8 5 . 6 8 8 2 4
91 oS” 0 . 0 L 9 c . 251 0 . 6 4 2 9 . 6  c5 1 2 . 8 0 9 2
10031 0 . 2  Le c . 1 51 0 . 5 3 7 8 . 2 3 2 3 2 , 6  47 4
1 0 1 3 - 0 . 3 1 9 0 . 180 0 . 4 9 3 9 . 9 5 1 3 2 . 6 2 5 2
1014  c 0 . 2 1 0 0. 17 0 0 . 8 1 3 5 . 5 6 7 2 2 . 7 1 9
l û l û  1 - 0 . 0 3 3 0 . 119 0 . 6 6 7 6 . 6 6 7 2 2 . 7 7 9 3
10177 0 . 3 5 7 0. 172 0 . 3 6 6 0 . 9 4 0 3 2 . 6 2 5 3
101 7 8 ' C . 3 O8 0. 191 0 . 4 1 5 8 . 9 8 4 2 . 6 2 8 G
101 c3 0 . 1 7 3 0. 198 0 . 7 0 2 7 . 6 2 0 3 2 . 7 6  9
102 0 9 0 . 1 9 6 0. 185 0 . 7 1 9 / • ^ 1 i- • / V. 3
1 0 2 5 5 c. 161 0 . 4 9 5 1 0 . 2 0 8 2 . 6 5 5 3
1041 2 C. 2 3 C ü • 188 C . 6 3 8 8 . 4 1 0 C. 9 { l 3
1 0 4 5 3 C'. : : : 0. 20 7 1 . 1 0 9 9 . 2 3 6 2 . c c G 3
1051 0 0 . 2 c  Li 0. 169 0 . 6 0 3 7 . 7 1 5 3 CL ' Y 3
1033c - C . V13 c . 178 1 . 0  4ü 5 . 6 c 5 2 C 9  ^t , 5
1 0 3 4 : 0 . 1 9 3 0 . 2 0 2 0 . 7 3 5 10 . 341 S 2.Y23 3
1 0 : 9 1 0 . 1 0 4 c • 1 81 1 . 0 1 1 8 . 8 2 5 4 ^  ^ko w -
11231 0 . 2 9 1 0 . 179 0 . 4 9 0 8 .  55c' 3 2 . 6 : 7
1 1 3 : 9 0 . 2 9 1 0. 155 0 . 5 2 3 8 . 9 7 3 2 2 . 6 4  c 1
1 1 3 9 6 0 . 1 8 6 0 . 184 0 . 7 1 0 8 . 7 7 2 1 2 . 7 1 9 1
1 1 5 7 3 0 . 1 2 2 0. 207 0 . 6 5 0 8 . 0 2 2 3 2 . 8 1  3 3
1 1 5 9 7 0 . 2 9 4 0 . 161 0 . 4 1 5 8 . 1 4 7 3 2 . 6 5 2 3
1 1 8 0 8 0 . 0 6 6 0 . 2 4 2 0 . 8 6 7 0 . 5 2 5 3 2.863 3
~ 9  fi—
Table 3 .4 .1 .
Standard Stars fo r  uvby Photometry at NGP
sta r V (b-y) "1 n
BD+25 2409 9.80 0.148 0.227 0.766
BD+32 2188 10.76 0.014 0.065 0.924 3
BD+33 2171 10.61 0.201 0.110 0.691 4
BD + 25 2478 10.65 -0.007 0.148 1.060 2
HD 107131 6.46 0.096 0.191 0.955 4
HD 107214 9.02 0.364 0.192 0.292
BD+38 2330 10.90 0.329 0.183 0.306
HD 108101 9.13 0.147 0.214 0.835 2
HD 108908 8.52 0.232 0.156 0.699 5
HD 109691 8.89 -0.002 0.139 1.045 3
HD 109762 8.59 0.166 0.227 0.784 4
BD+25 2534 10.53 -0.147 0.109 -0.159 2
HD 110166 8.76 -0.038 0.100 0.686 2
HD 110688 9.19 0.357 0.157 0.426 6
HD 110854 8.25 0.006 0.146 0.936 3
HD 112152 9.07 0.129 0.197 0.882 2
HD 112431 8.93 0.130 0.224 0.835
HD 112487 9.66 0.076 0.173 1.061
HD 115403 7.57 0.181 0.165 0.744 3
BD+25 2672 10.26 0.213 0.168 0.572 3
HD 120830 9.30 0.141 0.223 0.820
NB: ' n‘ re fe rs  to no. o f observations by 
H i l l  et al (1976)
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Table 3 .4 .2 .
uvby Photometry of NGP Stars




























































































































LB 11433 14.35 0.519 -0.030 0.419 1
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Figure 3.4.1











y  m agnitude
Diamonds represent programme s ta rs .  Triangles represent 




South G a lactic  Pole Radial V e loc it ies
. . th e  c ra f t  so long to learn'
Hippocrates
-102-
4: South Galactic  Pole Radial V e loc it ie s
4.1 The Measurement of S te l la r  Radial V e loc it ies
4.1.1 In troduc t ion
S te l la r  rad ia l ve lo c i ty  measurement has i t s  basis 
in the well-known Doppler-Fizeau e f fe c t  and the 
fundamental p r in c ip le s  w i l l  not be discussed here. A l l  
rad ia l v e lo c i t ie s  in th is  work have been measured using 
the D.A.O. REDUCE (H i l l  et al 1982c) and VCROSS (H i l l  
1982b) packages. These are f u l l y  described in the above 
mentioned works and only a b r ie f  o u t l in e  of the 
re levant features w i l l  be given here. Both packages are 
w r it te n  in FORTRAN and are designed fo r  use on a VAX 
11/780 computer such as th a t at St.Andrews.
4.1.2 REDUCE
REDUCE is  designed to  process microdensitometer 
scans o f photographic spectra or spectrometric data 
from an I PCS or REIT CON system stored on VAX disk in 
FITS format. FITS format is described by Wells et al
(1981) and Greisen and Harten (1981) but is ba s ica l ly  a 
standardised format for d ig i t a l  arrays held on magnetic 
tape fo r  use in the t ra n s fe r  of such arrays between 
in s t i t u t io n s  w ith  d i f fe r e n t  data handling f a c i l i t i e s .  
The package reduces these f i l e s  to l in ea r ise d  s te l la r
-103-
..... V-• < .• 'V . -1». * Z I-'.; ■'■■J.. ■ \  ■ ■
-104-
1J
wavelength f i l e s  which may i f  required be converted to  
in te n s i ty  f i l e s  and then continuum r e c t i f i e d .  From 
these processed f i l e s  the package can e x tra c t  rad ia l 
v e lo c i t ie s ,  l in e  p o s it io n s ,  equ iva lent widths and 
ro ta t io n a l v e lo c i t ie s  using the subroutines VELMEAS 
( H i l l ,  e t al 1982a) and VLINE ( H i l l  e t  al 1982b).
W ith in  REDUCE the user is  presented w ith  a series 
o f  options (see REDUCE Manual) which are executed In the 
chosen sequence. This sequence o f operations may be 
repeated in d e f in a te ly  on d i f fe r e n t  data, and can be 
In te rru p te d  a t any p o in t  to  a llow the user to  change the |
sequence. L im ita t io n s  on the possib le  sequences are
described in  the User Manual ( H i l l  1982c).
An important aspect o f  REDUCE is  i t s  f i l e  naming 
convention, more f u l l y  described in  the Manual. The îf
Input FITS f i l e s  have names o f the form Snnnn.FTS ( fo r  
the s t e l la r  spectrum) and Fnnnn.FTS ( fo r  the f i l e
conta in ing  the corresponding arc spectra ), where nnnn is  cl
a number which id e n t i f ie s  the p a r t ic u la r  observation.
Once the arc spectra have been measured the re su lta n t  
wavelength c a l ib ra t io n  is  stored in  a corresponding 
Snnnn.ARC f i l e .  I f  the s t e l la r  spectrum is  
n o is e - f i l te re d  d e ta i ls  o f  the f i l t e r  are stored in  
Snnnn.FLT w ith  the f i l t e r e d  spectrum being Vnnnn.FTS.
. T- .  '  T , . y ............ ..- a - , - r - - t i y .v - . v..i. . . .  .  z. a-Zf.-. %..
The l in ea r ise d  s t e l la r  spectrum is stored in the f i l e  
Wnnnn.FTS w ith  the continuum re c t i f ie d  spectrum being 
Rnnnn.FTS.
In  th is  work REDUCE has been used fo r  two purposes:
- to  measure s te l la r  rad ia l ve lo c i t ie s  using the 
VELMEAS subroutine
- to  produce f i l t e r e d ,  l in ea r ised  and r e c t i f ie d  
s te l la r  spectra fo r  use with the c ross -co rre la t ion  
package VCROSS
The features of REDUCE relevant to  each app lica t ion  
w i l l  be described seperate ly,
i )  VELMEAS works from a standard p la te  of 
[X(mm).vs,X(A)] (as described by A itken, 1935), used to 
p red ic t the pos it ions o f the comparison and s t e l la r  
l ines  based on the known spectrograph constants (the 
package can handle the parameters o f the gra ting  
equation, Hartmann constants or polynomial 
c o e f f ic ie n ts ,  whichever is appropriate to  the 
spectrograph used). Thfe actual l in e  pos it ions are then 
measured by f i t t i n g  a parabola to the centra l region of 
each l in e  p r o f i le .  This simple parabolic  f i t  is used 
fo r  speed, ra ther than a slower more re fined p r o f i le
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such as a gaussian. For saturated arc spectra a
centro id  is adopted. VELMEAS requires the pos it ion  
w ith in  the scan of a known reference wavelength near
the centre of the scan. Using th is  l in e  pos it ion  and 
the standard p la te  the program predicts the pos it ion , 
in tu rn , of each new l in e  in a predefined l i s t .  A fte r
each new measurement the p red ic to r is  updated and thus 
improved. Once the user is confident tha t the p red ic to r 
is  re l ia b le  (genera lly  a f te r  3-4 l in e s )  VELMEAS may be 
switched to an automatic mode in which the remaining 
l ine s  are located and measured w ithout user 
in te ra c t io n .  When measuring s te l la r  l ines  i t  is 
generally advisable to  measure a l l  l ines  in manual mode 
in order to ensure co rrec t id e n t i f ic a t io n  of the l in e  
and the l in e  centre. This is espec ia lly  true of lower 
dispersion spectra, such as those in th is  work, where
l in e s  l i e  close together in the scan and may appear
blended.
An arc or s t e l l a r  measurement consists of two 
cursor placements, the f i r s t  on the l in e  centre and the 
other on the wing. A parabola (w ith the above noted
exception) is then f i t t e d  through a l l  data in the window
(2x11centre-wing11). I t  is  possible to  se lec t only 
sections of a p r o f i le  marred by eg. a p la te  scratch or 
another l in e .
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Once the arc spectrum has been measured with 
reference to the standard p la te  and these measures 
checked, a polynomial is  f i t t e d  through the data and 
correction  values applied to the standard s te l la r  
p os it io ns . The h e l io c e n t r ic  rad ia l ve lo c ity  correction  
is taken in to  account at th is  stage. Radial ve lo c it ie s  
are then derived from a comparison between the measured 
pos it ions and the corrected rest pos it ions of the 
s te l la r  l ines  in a pre-defined l i s t  appropriate to  the 
spectrograph d ispers ion and the spectra l type of the 
s ta r  in question.
i i )  In  preparing spectra fo r  the c ross-co rre la t ion  
package VCROSS the wavelength c a l ib ra t io n  ( inc lud ing  
h e l io c e n tr ic  v e lo c i ty  co rrec t ion ) is  obtained using the 
VELMEAS subroutine as described above. The s te l la r  
spectrum is  then n o is e - f i l te re d ,  l ine a r ise d  and 
r e c t i f ie d  as fo l low s-
The observed s t e l la r  spectrum can be represented by 
D(’X) where
D(X) = F(X), + N(X) , X is wavelength 
Here F(X) is the true  signal and N(X) is the random 
noise contaminating th is  s igna l. The Fourier transform 
of th is  specrum is
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d (k ) = f ( k ) + n (k ) , k is frequency in
the Fourier domain 
Here f ( k )  and N(k) are the transforms o f F(X) and N(X). 
I t  can be shown (Gray 1976) th a t the higher frequency
components of d(k) are mainly due to the noise signal
and contain v i r t u a l l y  no real data. By applying a
f i l t e r ,  ^ (k ) ,  i t  is  possible to remove the high 
frequency noise component and thus recover the true  
s ig n a l .
The f i l t e r e d ,  reconstructed data transform is 
defined to be
g(k) = [ f ( k )  + n (k ) ] .ÿ (k )
The d if fe rence  between f ( k )  and g(k) gives the e rro r  
Introduced by the f i l t e r i n g  process. The optimum f i l t e r  
is  defined such th a t the square o f th is  e rro r  is
minimised and can be shown to be (B rau lt and White 1971)
^ (k )  1
Note th a t the optimum f i l t e r  depends on both the noise %
and the noise f r e e ,  s igna l, ie .  the signal being 
measured and the noise which in te r fe res  w ith tha t 
measurement. However th is  is an optimum f i l t e r  and small 1
deviations from the true  f i l t e r  shape should only
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produce second order e r ro rs .  Therefore i t  is usually  
s u f f ic ie n t  to  replace the actual complicated signal and 
noise power spectra by smooth,simple models invo lv ing  
only a few parameters. Let f ‘ (k al , a2 be a model
o f the signal power spectrum with parameters a l , a 2 , . . . .  
and n ' ( k ,b l  ,b2 , . . . . )  be a model o f the noise power 
spectrum with parameters b l , b 2 , . . .  , then these 
parameters may be adjusted u n t i l
d ‘ (k) = f  (k) + n' (k) 
is  a good approximation to  d(k), and then the f i l t e r  is 
taken to  be
/  (k ) - _________ 1________
1 + [ n ‘ ( k ) / f  ( k ) ] ^
The choice of models fo r  the power spectra depends on 
the type of data invo lved. In general the noise may be 
regarded as random and not corre la ted  w ith the signal 
("white noise") in which case
n '( k )  = B , a constant 
Here B is  the average o f the observed noise power ' j
spectrum and may be determined from the noise dominated 
high frequency end o f the observed signal power
spectrum, d (k ) .  The frequency beyond which d(k) is noise 
dominated is  known as the " c u t - o f f "  frequency.
Frequently (as w ith  REDUCE) a gaussian model is chosen
fo r  the noise power spectrum, fo r  example.
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d' (k) = A .10
Here A is  the amplitude and cc^ is a f i t t i n g  parameter 
chosen such tha t d' (k) = 0.5 at the c u t -o f f  frequency. 
Combining these gives the f i l t e r :
i ' (k) 1
2 -2 ‘Co^k^
1 + ET .10
A
where the parameters B, A and oCq can be found from the 
power spectrum of the observed s igna l.
W ithin REDUCE a f i l t e r  of the above kind is 
generated from the observed power spectrum. The power 
spectrum is  displayed and the cursor used to define the 
c u t -o f f  frequency fo r  the f i l t e r .  This f i l t e r  is defined 
in frequency space and the inverse transform of the 
selected box func tion  tapered by an appropriate window 
func t ion , a gaussian normally being adequate fo r  
photographic spectra. The f i l t e r  thus defined is stored 
in rea l,  as opposed to  frequency, space in an Snnnn.FTS 
f i l e .  The actual f i l t e r i n g  is performed in frequency 
space. The Fourier transforms of the spectrum (tapered 
at both ends by a cosine b e l l )  and the f i l t e r  are 
ca lcu la ted and the inverse transform of th e i r  product
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is  the f i l t e r e d  spectrum.
I f  spectra are to be compared by c ross -co rre la t ion  
they must f i r s t  be l in ea r ise d  (e sse n t ia l ly ,  put on a 
common sca le). This is also necessary i f  the spectra are 
to be added, subtracted, d ivided or m u lt ip l ie d  in any 
way. L in ea r isa t ion  w ith in  REDUCE produces spectra on a 
l inea r ised  1n X scale independent o f the Earth 's o rb i ta l  
ve lo c i ty ,  stored as a Wnnnn.FTS f i l e .  Upper and lower 
wavelength l im i ts  are chosen fo r  the l in e a r is a t io n ,  the 
rest of the spectrum being discarded. REDUCE recommends 
an optimum wavelength increment based on the sampling 
in te rva l and spectrograph d ispers ion. The wavelength 
range and increment chosen must be consis tent fo r  a l l  
spectra which are to  be compared using c ross-co rre la t ion  
techniques, otherwise they w i l l  be incompatible.
The con tr ibu t io n  of the wavelength dependent 
continuum to  the shape of the s te l la r  spectrum is 
removed by d e f in in g  a background continuum fo r  the 
spectrum, and normalis ing to  i t .  Within REDUCE the 
spectrum is p lo t te d  and the cursor used to define the 
wavelengths and increments over which the continuum is 
measured and averaged. The r e c t i f i c a t io n  is completed 
by an in te rp o la t io n  between the average continua in 
these regions using the subroutine INTER (H i l l  1982a)
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which f i t s  a smooth curve through these data. In  
averaging the continuum over each wavelength increment 
the user may define which o f the data points in tha t 
segment are used in the ca lcu la t ion  of th is  average. 
Generally the highest 66% of the data points are used, 
th is  percentage being con tro lled  by a user defined 
va riab le . REDUCE stores the r e c t i f ie d ,  l in e a r ise d , 
f i l t e r e d  s te l la r  spectra in Rnnnn.FTS f i l e s .  I t  is 
these f i l e s  which are used by the c ro ss -co rre la t ion  
package VCROSS.
4.1.3 VCROSS
The package VCROSS is designed to measure the 
rad ia l ve lo c ity  o f a programme spectrum re la t iv e  to  
th a t of a comparison spectrum by c ro ss -co rre la t ing  the 
two. The package uses the r e c t i f ie d ,  l in ea r ise d  f i l e s  
produced by REDUCE, as described above.
The determination of rad ia l ve lo c i t ie s  by 
c ro ss -co rre la t ion  techniques has beeen discussed by 
Simkin (1974) and the method has been used extensive ly 
in  recent years. I t  has the advantage th a t the e n t i re  
recorded spectrum is  , used to measure the ve lo c ity  thus 
overcoming some of the problems encountered with the 
l in e  p r o f i le  f i t t i n g  method (as used by VELMEAS) in 
which a l im ite d  subset o f the data is  used.
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In  order to determine an o b jec t 's  rad ia l ve lo c ity  
from i t s  spectrum, the spectrum must, at least loosely, 
s a t is fy  the fo l lo w in g  requirements:
i )  The s ta r  must have a well defined spectral type,
i i )  I t  must be possible to  generate th is  spectrum 
from a known 'comparison' spectrum of the same 
mean spectra l type by Doppler s h i f t in g  the 
'comparison' spectrum.
From th is  the p r in c ip le  of v e lo c i ty  determination 
by c ro ss -co rre la t ion  is ea s ily  deduced. By tak ing  two 
stars o f s im ila r  spectra l type and Doppler s h i f t in g  the 
spectrum of one re la t iv e  to the other, t h e i r  re la t iv e  
v e lo c i ty  may be found. I f  one of the s tars has a known 
rad ia l v e lo c i ty ,  th a t  o f the other is thus determined. 
Consider the Doppler formula:
A x  = (X^  -X^)/X^ = v/c 
where X^ , is the observed wavelength 
X(^  is the rest wavelength 
V is the s te l la r  radial velocity 
c is the speed of l ig h t .
Then, tak ing  logarithms,
A ln X  = l n ( l  + v /c) = z , the Doppler s h i f t .
The Doppler s h i f t  is  thus a function o f ve lo c ity  on ly .
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Le t the programme spectrum be 0 (x )  and the 
comparison be T(x), where x=lnX , then the 





Here a is  a sca ling  fa c to r  dependent on T(x) and D (x). 
This c ro ss -co rre la t ion  function w i l l  have a maximum 
value when the comparison spectrum T(x) has been sh if te d  
by an amount z such th a t  i t  coincides w ith the observed 
spectrum D(x).
For observational data these continuous functions 
become N d isc re te  points sampled a t equal in te rva ls  x 
and the cc f .  is expressed as
C(z) =^T(x).D(x-z)/[N<y^'Cy ]
where =X t^ ( x ) , =^D^\(x)
N N
The cc f.  is  usua lly  ca lculated by using Fast 
Fourier Transforms. Let d(k) and t ( k )  be the d iscre te  
Fourier transforms of ,the spectra such tha t
d(k) =X.D (x).exp [-2 i7Tkx/N ] 
t ( k )  = XTCxj.expC-Rirckx/N]
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then the Fourier transform of C(z) is
c(k) = d ( k ) . t * ( k )
Ndtdd
where t^ (k )  is  the complex conjugate of t ( k ) .
The inverse transform of th is  is then,
C(z) 1 = 2 ir fk x /N ]
NOj-cSd
Thus the procedure is to compute the Fourier 
transforms o f both spectra, take the complex conjugate 
o f the comparison's transform, and the inverse 
transform of th e i r  product is the cc f .  The pos it ion  o f 
the maximum of the cc f .  gives the re la t iv e  s h i f t  o f the 
two spectra, from which th e i r  re la t iv e  v e lo c i ty  may be 
found.
Unfortunate ly the use o f the Fast Fourier Transform 
introduces some complications as the spectral segments 
become period ic  when expressed in terms of a Fourier 
series and the la s t  few terms o f one spectrum w i l l  enter 
the c ro ss -co rre la t ion  sum as products w ith the f i r s t  few 
terms of the o ther. Since the true spectra are not 
pe r iod ic  th is  o v e r la p ,d is to r ts  the maximum in the cc f.  
and can lead to  s ig n i f ic a n t  errors in the measurement of 
the re d s h if t ,  z, when th is  exceeds 10-20% of the array 
length. This overlap d is to r t io n  is elim inated by s e t t in g
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the mean of each array to zero and then expanding the 
arrays to tw ice th e i r  length with terms of zero value 
(Simkin 1974).
To measure rad ia l v e lo c i t ie s  w ith VCROSS the user 
must f i r s t  define the i n i t i a l  ve lo c ity  range over which 
the cc f.  is to be displayed, and a number of wavelength 
in te rv a ls  d e f in in g  the spectral regions to  be used in 
ca lcu la t in g  the cc f .  This la t t e r  fea tu re  enables parts 
o f the spectrum to be omitted from the comparison, fo r  
example the broad, strong hydrogen l ine s  in the spectrum 
o f an early  type s ta r  which can dominate the cc f.  and 
produce an erroneous v e lo c i ty  measure.
The programme and comparison s ta r  spectra are then 
read in (the end points of the data being tapered by a 
cosine-be ll fu n c t io n ) ,  averaged and zeros added to  
ensure tha t the cc f .  is as 'c lean ' as possible (Bernat 
and Piersol 1971). The cc f .  is  then ca lculated as 
described above and displayed on a VDU. The pos it ion  of 
the maximum is  found by d e l im it in g  a region w ith  the 
cursor through which a parabola is  f i t t e d .  This gives 
the re la t iv e  ve lo c ity  « f  the two spectra. From the known 
ve lo c ity  o f the comparison spectrum, the actual 
programme spectrum's ve lo c i ty  is found.
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4.2 Observations and Reductions
4.2.1 Observational Materia l
PDS scans o f 576 s te l la r  spectrograms were made 
ava ilab le  by G .H il l  of D.A.O. These data were obtained 
by G.C.L.Aikman in October 1975 using the 0.6m
telescope and Mt.Kobau spectrograph at Las Campanas
Observatory, g iv ing  a d ispersion o f 82 A°/mm. An 
iron/argon comparison spectrum was used to provide a 
wavelength standard fo r  each spectrum. These spectra 
had been scanned by W.A.Fisher at D.A.O. using a PDS 
microdensitometer w ith a step size of 2 |im. The scans
were converted to FITS format and stored on magnetic
tape fo r  t r a n s i t .  A l l  subsequent reductions were 
performed w ith  the St.Andrew's U n ive rs ity  VAX 11/780 
computer using the REDUCE and VCROSS reduction
packages.
4.2.2 Rest Wavelengths fo r  REDUCE
The rest wavelengths adopted fo r  the s te l la r  l ines 
were those given by H i l l  et al (1976). These are l is te d  
in Table 4 .2 .1 .
4.2.3 Radial V e loc ity  Standards
Observations o f th ir te e n  standard stars were
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in terspersed between programme s ta r observations. These 
ve lo c i ty  standards are l is te d  in Table 4.2.2 along with 
t h e i r  accepted v e lo c i ty ,  the source o f th is  ve lo c ity  and 
any relevant comments. At least one of these stars is  a 
spectroscopic binary w ith  known o rb i t  (HO 27962) and 
one other shows signs o f a ve lo c ity  va r ia t ion  (HD
204867). N either of these were ac tu a lly  used as 
comparison s tars in these ve lo c ity  reductions. The 
standard s ta r  observations were used to check the
v e lo c i ty  system of the spectrograph, to  check fo r
d ifferences between ve lo c ity  measures made with REDUCE 
and VCROSS and as comparison stars fo r  use with VCROSS.
Seven standard s ta r  spectra were measured using 
REDUCE and VCROSS ( fo r  VCROSS each spectrum was
cross-corre la ted  with those of several other standards
o f s im ila r  spectra l type and the mean of these measures 
adopted). Table 4 .2 .3 . gives the ve lo c i t ie s  obtained 
using REDUCE and VCROSS as well as the generally
accepted values. REDUCE and VCROSS measures agree well 
w ith  each other and w ith  the standard v e lo c i t ie s ,  w ith 
three exceptions (p la tes no. 452, 505, 654). Of these
505 and 654 are both spectra of HD 33904, which is a B 
s ta r  and is the re fo re  not expected to  give good resu lts  
w ith VCROSS, P late 452 is of HD 693, whose accepted 
v e lo c i ty  agrees well w ith  the VCROSS v e lo c i ty ,b u t  not
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with  th a t obtained using REDUCE. Ignoring  these three 
p la tes , the mean v e lo c i ty  d if fe rence  and rms sca tte r ,  
in the sense (REDUCE-VCROSS), are 0.6jf4.2 kmsi from 
four p la tes.
VCROSS measures o f standard s tars were used to  
provide a more rigorous check on the ve lo c ity  system. 
Each standard was cross-corre la ted against 3-4 
compatible standard spectra (which had themselves been 
checked against the o r ig in a l  seven comparison spectra 
o f Table 4 .2 .3 ) and the mean taken. This confirmed the 
agreement w ith the standard system, w ith the above 
noted exceptions. In d iv id u a l v e lo c i t ie s  fo r  HD 27962 
and H) 204867 are given in tab le  4 .2 .4 .
A number o f program stars were also measured with 
both VCROSS and REDUCE, and v e lo c i t ie s  fo r  these are 
compared in Table 4 .2 .5 . From these fourteen spectra 
the mean d if fe re nce  and rms sca tte r ,  in  the sense 
(REDUCE-VCROSS) is  1.0+5.9 kmsll . Three p lates (438, 
442, 450) show la rge , uneplalned, d if fe rences between
VCROSS and REDUCE measures. Excluding these the mean 
d if fe rence  and rms ^scatter are -1.7jf2.9 kms  ^ from 11 
p la tes . The agreement between VCROSS and REDUCE 
measurements is confirmed.
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4.2 .4  Reductions and Results
On the basis o f  the above te s ts  v e lo c i t ie s  were 
measured using VCROSS fo r  stars  o f type AO and la te r ,  
and REDUCE fo r  the B s ta rs  (B s ta rs  do not give good 
re su lts  w ith  c ro ss -co rre la t io n  techniques due to  the 
genera lly  smooth nature o f  the continuum in  th e i r  
spectra ).
In order to  measure the v e lo c i ty  o f  a programme 
s ta r  using VCROSS a spectra l type must be assigned to  
i t ,  as a compatible comparison spectrum is  required. 
For those s ta rs  fo r  which uvbyp photometry was 
ava ilab le  equ iva len t spectra l types were deduced 
from th is  (see Chapter 5). For others the MK type was 
taken from volumes 2 and 3 o f the Michigan Spectral 
Catalogue ( Houk and Cowley, 1982), or f a i l i n g  th a t ,  
the HD c la s s i f i c a t io n  was used.
Reductions proceeded smoothly w ith  up to  70 spectra 
being measured in  a s in g le  seven hour session, due 
la rg e ly  to  the computational speed o f the VAX, the only 
delay being introduced by the actual p lo t t in g  o f the 
spectra. Ind iv idua l v e lo c i t ie s  are given in  Table 4 .2 .6 . 
Seven spectra ( a l l  o f  d i f fe re n t  ob jec ts ) showed 
apparent emission fea tu res , a l l  o f  which were probably
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spurious. These spectra are indicated in the Table.
A l l  such apparent emission features were removed before 
c ross -co rre la t ion .
The f in a l  ve lo c i t ie s  fo r  ind iv idua l objects are 
given in Table 4 .2 .7 . The columns give :
i ) HD number or other name
i i )  Mk type
i i i )  rad ia l ve lo c ity  (kms^) 
vi ) standard e r ro r  (kms^) 
v) number of observations
A number o f the stars in the sample are close 
op t ica l pa irs which may not have been resolved 
spectroscop ica lly . These and the MK types of the two 
objects are ind icated in the re levant tab le , as are a l l  
the objects designated 'odd' on the basis of uvbyp 
photometry (chapter 5).
4.2.5 Comparison w ith  Other Works
A number o f the stars  in the current sample have 
had v e lo c i t ie s  determined by Wayman (1961). For the 
purposes of a comparison between the two data sets the 
fo l lo w ing  c r i t e r ia  were used to se lec t a common sample:
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i )  Only s tars whose v e lo c i t ie s ,  in both samples, 
were based on three or more observations were 
considered.
i i )  Stars designated 'probable' variables in the 
present work (chapter 5) were excluded,
i i i )  Stars designated 'poss ib le ' variables in the 
current work (chapter 5) which had been 
designated 'v a r ia b le '  by Wayman were excluded.
Using these c r i t e r ia  only nine s tars were ava ilab le  
fo r  the comparison. Of these f iv e  had been designated 
‘ possible* variables in the present work. D ifferences 
were taken in the sense ( th is  work -  Wayman), the mean 
d if fe rence  and rms sca tte r  from a l l  nine stars being:
Ù.V = 1.5 + 5.9 kms?
—  .Î
The agreement is  poor, given the large rms sca tte r  
in  the mean. This can be explained in terms o f the 
in t r in s ic  e rrors  in the ve lo c i t ie s  in th is  samples. For 
the nine s tars used in the comparison, the average o f 
th e i r  standard e rrors  is  _+6.6kms!, w ith the 
corresponding value fo r  Wayman's data being_+2.6kms^.
Treating these as mean errors in the v e lo c it ie s  used in 
the comparison the e r ro r  in the mean d if fe rence  may be 
estimated as +7kmst, which is  s u f f i c ie n t  to explain both 
the systematic d if fe rence  of 1.6kms^ and the sca tte r  of
-122.
jf5.9kms^ found above. Excluding the f iv e  'poss ib le  
variab les, the corresponding mean d if fe rence  and rms 
sca tte r  is :
A v  = -2.1 _+ 5.4 km§i I
w ith the average standard e rro r  of the remaining fou r
stars being _+3.9kms1 . Combining th is  w ith the mean
standard e rro r  in Wayman's data, the e rro r  in the 
d if fe rence  is estimated to  be +5kms1, again s u f f ic ie n t
to explain both the systematic d if fe rence  and the rms d
sca tte r  found above. Combining the e rro r  estimates with 
the extremely small sample s ize, i t  would be extremely 
rash to draw any conclusions from these comparisons.
I t  w i l l  be shown la te r  (Chapter 5) th a t the rad ia l 
ve lo c i ty  data fo r  South Galactic  Pole Stars presented
here is  consistent w ith  th a t of H i l l  e t  al (1976) fo r  
North Galactic  Pole s ta rs .
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Table 4.2.1.
Adopted Rest Wavelengths fo r  REDUCE 
from Hi 11 et al (1976)
A0-F4 Stars F5-M Stars
Wavelength(A^) I .D .  Wavelength(A° ) I .D .
3734.490 H13 3727.570 Fe blend
3750.154 H12 3758.380 Fe blend
3770.632 H ll 3763.670 Fe
3797.900 HIO 3767.140 Fe
3835.386 H9 3794.890 Fe blend3872.670 Fel 3820.440 Fe
3889.051 H8 3850.040 Fe blend
3933.684 Call 3952.680 Fe blend
3956.679 Fel 3968.490 Ca4005.530 Fel 4005.590 Fe
4030.648 Fel 4045.610 Fe
4045.590 Fel 4063.550 Fe
4063.360 Fel 4071.690 Fe blend
4071.560 Fel 4101.690 H blend
4101.750 H-delta 4143.500 Fe4132.310 Fel 4187.370 Fe
4215.600 Fel 4226.640 Ca blend4226.730 Fel 4260.440 Fe blend
4233.312 Fel 4271.630 Fe blend
4250.510 Fel 4340.320 H blend
4271.562 Fel 4383.820 Fe
4340.427 H-gamma 4404.740 Fe blend
4481.241 Fel 4461.670 Fe blend
4549.460 Fell
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Table 4 .2 .1 .
B0-B9 Stars







4128.051 S i l l









Table 4 .2 .2 .
Radial Ve loc ity  Standards
Ve l. Sp. source and comments 
(kms’ )
Spectroscopic Binary
HD 693 14.7 F6 1HD 22484 27.9 F8 1HD 27962 35.0 A2 2HD 33673 24,7 FO 1HD 33904 28.0 B9 2HD 36079 -13.5 G5 1HD 45348 20.5 FO 1HD 154417 -17.4 F8 1HD 186791 -2.1 K3 1HD 204867 6.7 GO 1HD 222368 5.3 F7 1HD 222603 12.0 A7 2
Variable?
1; Astronomical Almanac
2: Yale B right Star Catalogue ( H o f f le i t  1964)
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Table 4 .2 .3 .
Comparison of REDUCE and VCROSS V e loc i t ies  
fo r  Standard Stars
PI ate No. Object Spec. REDUCE VCROSS Accepted
452 HD 693 F6 21.2+2.2 14.1+1.5 14.1
593 HD 27962 A2 36.6+3.5 39.0+7.3 35.0 (1)
444 HD 33673 FO 28.4+1.4 26.1+1.0 24.7
505 HD 33904 B9 28.0+8.5 17.2+3.0 28.0
654 HD 33904 B9 33.4+2.5 24.6+7.5 28.0
460 HD 204867 GO 20.1+2.9 20.3+0.4 5.7 (2)
461 
Notes :
HD 222603 A7 13.7+4.5 11.0+1.0 12.0
1) Spectroscopic Binary
2) Suspected Variab le










Table 4 .2 .4 ,
VCROSS V e lo c it ie s  fo r  HD 27962 and HD 204867 
HD 27962










Table 4 .2 .5 .
Comparison of REDUCE and VCROSS V e loc i t ies  
from Programme Stars
Plate No. Object Spec. REDUCE (kmsi) VCROSS
449 HD 739 F5 -12.5+2.7 -12.0+0.4455B HD 1101 F3 -10.6+2.3 -4.9+0.7448 æ 1909 89 18.9+3.4 21.8+6.7456 HD 2719 F7 -4.5+2.2 -4.0+0.6450 HD 2724 FO 15.4+5.0 6.7+1.6457 HD 5487 A2 30.2+4.3 35.6+5.0
458 HD 5932 FI 11.4+1.8 11.5+0.7439 HD 9411 A8 -13.1+2.5 -9.3+0.6438 HD 9673 A7 13.1+4.4 -0,4+4.0
459 HD 10186 A8 -6.6+2.6 -2.2+1.9440 HD 10830 FO 12.7+3.1 9.6+1.0442 HD 10863 F2 25.3+1.9 14.6+3.1441 HD 111000 F5 13.7+4.7 15.4+3.2453 HD 224763 F5 9.9+0.7 6.6+0.1
-129.
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Table 4 .2 .6 •
number J u l 1 an Date vel (k
141 42699.613 3.8





42718.606 27.2235 42711.613 28.3
42717.741 -11.6256 42701.562 -12.5
42723.505 3.8














42721.607 -14.1493 42699.674 9.5
42718.617 0.1
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HO number J u l ia n  Date ve l(km s)) 
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42726.632 9.27751 42698.813 -5.6
42726.690 -4.1
7898 42721.7 24 6.57908 42711.840 13.4
42718.802 17.1
























42721.786 16.99061 42698,857 2.8
42720.755 -4 .2
42726.768 -9.3
42730.764 16.69063 42699.833 7.9






















• 9906 42700.777 -17.9
42721.858 14.2
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Table 4 .2 .6 .










42723.849 10.310209 42699.868 -2.4
42719.840 -1 .8
42728.834 3.8










42719.854 14.010863 42712.860 8.5











Table 4.2 .6 •
number Ju lia n  Date vel(kms
11459 42716.836 -14.5
42729.693 1.5





42724.753 -13.711597 42715.832 -0.6
42729.755 5.251250 42699.881 16.2223561 42699.520 6.5
42715.513 51.0
42725.525 16.8
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Table 4 .2 .6 .
number Ju l ia n  Date vel (km;225119 42702.615 24.2
42719.563 26.7 -
42728.600 37.2225120 42711.525 44.3
42715.739 -17.9
42721.577 -11.6




42730.533 16.7225187 42716.576 15.4
42721.527 16.7
42732.599 26.6E






42733.553 13.6225206 42699.591 -21.1
42702.639 -16.5225264 42702.656 21.0
42719.597 29.3225282 42711.572 20.4
42716.598 12.9
42729.525 49.0225297 42729.557 2.1
apparent (spurious) emissionfea tu re in  spectrum
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Table 4 .2 .7 .
HD rad ia l s td . n MK notesnumber veloc. e r ro r type
141 -1.8 5.6 2 89156 13.6 3.4 3 F2
203 14.4 9.1 3 F3 PI235 8.4 20.0 2 A1
256 1.8 11.0 3 A4268 14.9 2.4 5 F5
319 -7 .2 13.9 7 A4
392 -3 .0 3.6 4 F6
427 -18.6 4.5 2 F5
493 5.9 4.1 3 F3562 4.8 1.4 2 A3732 -10.2 2.5 3 FB
739 -2.4 9.9 2 F5899 20.3 3.3 3 F5 P6900 17.5 4.3 3 FI955 -7.7 2.9 5 851000 -13.1 5.4 4 F61101 14.0 20.5 3 F3
1256 10.3 26.5 7 88
1343 0.7 5.8 3 F31431 23.7 10.1 5 AO P5,71667 14.6 7.1 5 A8
1683 2.8 5.9 4 F71856 13.7 10.6 5 FI
1909 19.1 13.2 5 891980 5.3 1 F61999 -20.9 3.8 2 882026 -8.6 1.6 2 A2 Am,P7
2037 13.0 6.8 3 A5 iP I I2178 32.0 1 A1 PI2381 20.2 2.6 2 F2
2394 19.5 2.8 3 F8
2395 13.2 7.3 5 A72477 -23.8 6.1 3 F5 iP I I2527 -5.1 14.4 2 FO ePI2630 10.8 5.7 2 F2
2696 8.5 10.2 3 A42719 -4.3 1.2 3 F72724 -3.5 5.9 4 FO Am?2916 -9.7 7.3 3 F2 P3,73085 -6.9 20.5 '3 893244 -1.6 3.0 2 A8
3326 8.1 2.3 2 A8
3580 5.7 6.2 3 863581 8.7 4.5 4 F3
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Table 4 .2 .7 .
HO rad ia l s td . n MK
number veloc. e r ro r type
3622 3.3 4.3 2 A5
3735 -24.8 1 F7
4065 1.8 10.3 5 89
4247 12.0 4.9 2 FI
4338 4.0 6,6 5 A9
4375 13.5 3.4 2 F5
4507 -10.2 2.3 4 A6
4622 19.5 4.0 2 89
4623 0.8 0.0 2 FO
4691 0.4 7.3 4 FI
4772 -3 .4 5.1 6 A2
4975 17.4 3.9 2 F8
5057 8.9 7.2 2 F5
5132 6.8 1 FO
5156 -17.6 13.1 3 F5
5487 34.9 4.4 2 A2
5524 7.8 2.2 2 A2
5616 7.4 5.6 3 FO
5617 -4.2 1 A2
5659S -0 .4 4.8 4 F5
5659N -1.3 1 F5
5737 -24.3 1 87
5932 11.7 2.6 2 F2
6178 -17.7 9.4 4 Al
6354 -13.4 3.1 4 A4
6367 14.8 5.2 3 F5
6412 -3.6 2.5 2 F5
6491 -2.1 2.7 2 F2
6493 9.2 6.7 4 F3
6532 -7.7 7.9 2 A4
6619 13.7 1 A2
6668 -0.9 18.9 5 A6
6723 -2 .5 1 A9
6767 9.0 5,4 5 A3
7257 5.9 3.3 2 F6
7259 15.0 3.3 3 F6
7312 18.2 5.6 4 A8+F
7323 9.0 1 A2
7382 10.0 5.4 2 F3
7495 -2.7 3.6 4 F8
7629 -6.5 0.1 2' A9
7676 6.6 2.6 2 A4
7751 -4.9 0.8 2 F3
7898 6.5 1 A8
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Table 4 .2 .7 .
HD rad ia l s td . n MK n(
number veloc. e r ro r type
224096 25.2 1.6 3 F5
224112 16.8 6.4 4 A7
224113 7.9 47.6 4 B5/8
224410 -4 .6 3.4 2 F6
224514 6.3 5.6 3 A2
224529 13.7 1.1 2 F5
224641 22.0 2.2 3 FO+FO
224642 9.8 3.3 2 F2
224763 10.4 9.9 3 F5
224870 7.0 14.5 3 AO
224914 -8 .4 1.6 3. F5
224990 12.1 7.2 8 83/5
225045 -1 .4 2.7 5 F8
225101 11.8 10.0 4 F2
225119 29.4 5.6 3 Ap
225120 -2.1 27.1 4 F8
225132 10.6 18.8 5 AO
225187 13.8 10.9 4 88
225200 8.8 8.3 7 A1
225206 -18.8 2.3 2 88/9
225264 25.1 4.2 2 AO
225282 11.0 8.5 3 AO




denotes s ta r  selected as "odd" on
basis o f uvbyB photometry
del < -0 .05
"P5": Unknown Spectral Type 
"P6": Photometric Variable? 
"P7": Yale Catalogue Variable 
i P l l :  In te rm ed ia te  Pop. 11
epI : Evolved Pop. I
HB : H orizonta l Branch Stars
—1 46—
Chapter 5
Analysis of South Galactic Pole Data
'The great tragedy of science- the s lay ing  of a 
beau tifu l hypothesis by an ugly fa c t . '
I .  H. Huxley
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5: Analysis of South Galactic  Pole Data
5.1 In te r s t e l l a r  Reddening at the South Galactic Pole
5.1.1 In troduc tion
I t  has been known fo r  many years tha t the to ta l
visual e x t in c t io n  is extremely low in the region of the 
g a la c t ic  poles. The id e n t i f ic a t io n  of f ie ld s  with 
n e g l ig ib le  amounts of in t e r s te l la r  material is of great 
importance to  many areas of astronomy, since objects 
observed in such f ie ld s  w i l l  d isp lay th e i r  true
in t r in s i c  colours and apparent magnitudes. This allows 
the determination o f photometric ca l ib ra t io n s  and 
distance ind ica to rs  fo r  stars which are rare in the 
so la r neighbourhood notably evolved halo population I I  
s tars such as long-period RR Lyraes. Systematic errors 
in the colours and magnitudes of galaxies w i l l  produce 
errors  in the observed d is t r ib u t io n  of galaxies, of 
great importance in many cosmological s tud ies. Such 
e rro rs  w i l l  also adversely e f fe c t  the study of
ind iv idua l ga laxies. These problems may be avoided by 
observing in areas known to  have l i t t l e  i n te r s te l la r  
e x t in c t io n .  The study of such areas is also important 
in  inves t iga t ions  of the re la t io n sh ip  between dust
(reddening) and HI gas d is t r ib u t io n s  in the Galaxy. As 
discussed in Chapter 3 the uvbyp photometric system can
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be used to study the d is t r ib u t io n  of in te r s te l la r  
reddening, and consequently the data presented in Table 
3.3.4 have been used in a study o f the in te r s te l la r  
e x t in c t io n  w ith in  15° o f the South Galactic  Pole.
5.1 .2 . I n te r s t e l la r  Reddening
Using the i n t r in s ic  colour l ines  o f Crawford (1975,
1978, 1979) fo r  the F, B and A3-A9 s ta rs , and Mil d itch  
et al (1983) fo r  the intermediate A s ta rs , values of 
E(b-y) have been ca lcu la ted fo r  a l l  normal, unevolved 
Population I objects in the sample, ( -0.054 dm^  <0.05; 
dcj ^0.28), not known to  be b inaries and whose colours 
l i e  w ith in  the range of the c a l ib ra t io n s .  A l l  stars 
c la s s i f ie d  as "odd" (section 5.2) were excluded from
th is  analys is.
The procedure used by Hi 1 d itch  e t al (1976) was 
adopted here. That is ,  mean reddening values were
ca lcu la ted in ( l , b )  sectors fo r  b<-75? and distance
zones, any areas of s im i la r  reddening being combined.
In  the whole volume covered by the sample there is  no 
s ig n i f ic a n t  reddening out to  400pc. The mean reddening 
from the 415 s ta rs  w ith in  th is  volume is ,  fo rm a lly ,
E(b -y)=-0 .004+0.003. Those zones in th is  region fo r  
which there are no data are shown in Figure 5 .1 .1 .




the reddening survey. However, the 23 stars observed in 
th is  region show no evidence of reddening.
Maps of the HI column density at both ga lac tic  
poles have been published by Heiles (1976) and more 
recently  discussed by Burstein and Heiles (1982). 
Although th e i r  SGP map is only complete fo r  25°<14215°; 
60°<b<90°, i t  shows th a t the reddening w ith in  15^' of the 
pole in the sample region is in s ig n i f ic a n t  (HI column 
density  42.87x10^0 atoms crfT^ , g iv ing  E(b-y)<0.007 using 
th e i r  c a l ib ra t io n .  The accuracy of the method is 
approximately +0.007 in E (b -y ) .)  The zero po in t o f the
SGP uvbyp photometry presented here is there fore  in
good agreement w ith  the HI/galaxy count method o f
Burstein and Heiles (1982). The same is  true o f the 
NGP survey photometry (Hi 1 d itch  et al 1982).
Perry and Johnston (1982) have projected the 
observed E(b-y) values fo r  1436 A2-F0 southern
hemisphere stars In to  the z -d ire c t io n  and f in d  the 
mean reddening w ith in  200pc. o f the plane to  be
E(b-y)=-0 .006+0.005 in good agreement w ith the value 
derived here fo r  the \d i re c t io n  o f the South Galactic  
Pole.
These resu lts  do not agree with those of Knude
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(1977), A lbrech t and Maitzen (1980) or N ico le t (1982).
Knude found the average E(b-y) to  be 0.040+0.001 from 
uvbyp photometry o f 110 AF stars in 11 Selected Areas 
around the SGP. A lbrecht and Maitzen found E(b-y)=0.019 |
(no quoted e r ro r )  from uvbyp photometry o f 90 BAF stars
w ith in  10° of the pole, Knude used a now obsolete
c a l ib ra t io n  fo r  the Late A stars (Crawford 1973), as Sj
d id  A lbrecht and Maitzen, who in add it ion  extrapolated 
th is  to give a c a l ib ra t io n  fo r  the Early A s ta rs .  In  
both cases th is  would appear to redden these objects by 
about 0.006 in E(b-y), which s t i l l  cannot explain the
large d if fe rences . N ico le t has found E(b-y)=0.030 (no 
quoted e rro r )  fo r  both poles from 129 B and Early A
stars observed in the Geneva photometric system, the 
reddening being determined by the "photometric box"
method. In a l l  three o f these cases Burstein and Heiles 
a t t r ib u te  the large apparent reddenings to  real 
d if fe rences in the colour zero po in t o f the photometry.
More recen tly  Knude (1982b) has quoted 
<E(b-y)>-0.02 fo r  three Selected Areas near the SGP.
For the e igh t s tars observed by Knude which l i e  in the 
present sample, our ana lys is  of Knude's own data gives 
<E(b-y)>~0.036 in agreement w ith his value of 
<E(b-y)>-0.G35. However analysis of the present
photometry o f these stars gives <E(b-y)>-0.000. This
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suggests tha t any d iffe rences between the reddenings 
presented here and those of Knude are due to small 
d ifferences in the photometry ra ther than a fundamental 
d if fe rence  in the ca l ib ra t io n s  used. However any 
deductions based on the comparison o f only e igh t stars 
must be treated w ith  caution.
Although there are areas of zero reddening at both 
poles i t  cannot be over-emphasised th a t there are areas 
of s ig n i f ic a n t  reddening (E(b-y)>0.1) at high ga lac t ic  
la t i tu d e s .  Consequently i t  is d i f f i c u l t  to make general 
statements regarding the average reddening over large 
areas of sky. Maps of the HI column density give a good 
ind ica t ion  of the d is t r ib u t io n  o f in t e r s te l l a r  matter 
and show the extreme patchiness o f th is  m a te r ia l.  
Photometric reddening determinations seem to be va lid  
only i f  they are based on w e ll-de f ined  samples of 
stars with large numbers per u n it  area o f sky.
5.2 Photometric C la s s i f ic a t io n  of SGP Stars
5.2.1 Objects w ith  Unusual Colours
The photometric dpta presented here has been used 
to p lo t  two colour diagrams fo r  a l l  572 s tars in the 
sample. The C| vs. (b -y), m^  vs. (b-y) and p vs. (b-y) 
diagrams are shown in Figures 5 .2 .1 , 5 .2 .2 . and 5 .2 .3 .
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Since there is no s ig n i f ic a n t  reddening a f fe c t in g  these 
s tars  the observed colour indices have been p lo t te d . 
The in t r in s ic  colour l ines  of Crawford (1975, 1978,
1979) and H i ld i tc h  et al (1982) are also shown. Several 
stars w ith unusual colours are present in the sample 
and these are l is te d  in Table 5 .2 .2 . These have been 
c la s s i f ie d  using the c r i t e r ia  given by H i l l  et al
(1982) (see Table 5 .2 .1 ) and the photometric scheme of 
Kilkenny and H i l l  (1975). Some stars do not f i t  in to  
th is  c la s s i f ic a t io n  scheme and are designated 'unknown' 
in Table 5 .2 .2 . The l i s t  also includes several
apparently normal s tars which give large p o s it ive  or 
negative values of E(b-y) [E(b-y)>0.1 or E(b-y)<-0 .03], 
and s tars fo r  which there is  a suggestion o f
photometric v a r ia b i l i t y .  Those stars which are known 
(or suspected) to be v e lo c i ty  variables are marked as 
such. Table 5.2.2 gives the name, <fc-f (or i f
as te r isked), and <fm^ fo r  a l l  of these unusual ob jec ts .
5.2.2 Photometric C la s s i f ic a t io n  and Comparison with the 
MK system
Using the i n t r in s i c  colour l ines  of Crawford 
(1975, 1978, 1979) and H i ld i tc h  et al (1983) equivalent
MK spectral types were assigned to a l l  572 SGP stars in 
the photometry sample w ith  an accuracy estimated to be
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jf2-3 subclasses. Where possible spectral types obtained 
in th is  way were compared w ith MK types from the
Michigan Spectral Catalogue. Both c la s s i f ic a t io n s  are 
shown in Table 6 .2 .1 . from which i t  can be seen tha t 
the agreement is  generally w ith in  2 subclasses fo r
stars w ithout unusual colours, which is well w ith in  the
e rro r  margin. There are only fou r exceptions to th is -  
HD 117 (MK:F2V, uvbyp:F9), HD 5270 (MK:G2/3, uvbyp:F7), 
HD 6365 (MK:A3III, uvby6:A7) and HD 223991 (MK:A2V+F, 
uvbyp:A5). This la s t  ob ject is an op tica l p a ir ,  
unresolved by the photometry, which may explain the 
discrepancy in spectral types. The other three 
discrepancies are unexplained.
5.3 Relative Proportions of Population Groups
The photometric data presented in chapter 3 has
been used to study the re la t iv e  proportions of various 
population groups as a function  of distance from the 
plane. On the basis of the uvbyp photometric 
c la s s i f ic a t io n s  decribed above the stars in  the 
photometric sample were separated in to  groups of B, 
f;: A0-F4 and F5-F9 s ta rs .  Each group was then divided in to
separate samples o,f PI, ePI (evolved population I ) ,  
iP I I ,  P I I ,  horzontal branch. Am and 'unknown' s ta rs . 
(There were no Fm stars  in the sample.) The 'unknown' 
stars were excluded from a l l  subsequent analys is , as
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were the ePI s tars fo r  which no absolute magnitude 
c a l ib ra t io n  (and hence distance scale) was a va ila b le . 
Distances fo r  a l l  other objects were determined by 
photometric pa ra l lax . For the Am, iP II  and PII stars 
the adopted absolute magnitudes were those o f the
equiva lent PI s ta rs .  For the horizonta l branch stars 
Mv=+0.6 was adopted.
From these samples the proportions o f Am, iP I I ,  and 
PII stars re la t iv e  to PI stars were determined fo r  both
the A and F stars as a function  of distance from the
plane. These are shown in Table 5.3.1 fo r  stars w ith in  
400pc., the samples being too incomplete beyond th is  fo r  
any comparison to be attempted. Also shown are the
proportions of horizon ta l branch stars re la t iv e  to PI B 
stars and the re la t iv e  proportions of PI B and A s ta rs , 
and A and F s ta rs .  These are based on samples which are 
small and incomplete, and consequently should be 
regarded only as estimates of the true proportions. The 
re la t iv e  proportions o f PI, IP I I  and PII A and F stars 
w ith in  lOOOpc. derived from the combined North and 
South pole samples have been presented by H i ld i tc h  e t 
al (1984) and are shown in Table 5.3.1 fo r  comparison 
purposes.
From the combined data i t  can be seen th a t  the
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proportions are essentially constant out to about 400 
pc. after which the numbers of iP lI and Pli stars start 
to increase, presumably reflecting the scale height of 
the disk. The proportion of iP II F stars to PI F stars 
is seen to be much higher than that for the A stars at 
all distances from the plane. At Ikpc. from the plane 
the number of PI F stars is only s lightly  greater than 
the number of 1PII F stars, but for the A stars the PI 
stars dominate even at this distance. I f  the Gilmore 
and Reid (1983) 'th ick ' disk (of scale height about 
1.4kpc.) is identified  with a ll iP II stars as defined 
by uvbyp photometry, then at about Ikpc. from the plane 
the proportion of iP II to PI stars should be about 
Ü.4-0.5 as is found for the F stars. Relative to the 
expectations for an iP II 'thick disk' there is therefore 
an excess of apparent PI A stars out to at least Ikpc. 
from the plane. Presumably these are the stars reported 
by, eg., Rodgers et al (1981), although this excess may 
be due to contamination by photometrically sim ilar HB 
stars at large z distances.
I t  must be stressed that these stars have been 
identified  as PI A stars solely on the basis of uvbyf 
photometry. Detailed spectroscopic analysis of 
individual objects is required to confirm th is . 
Consequently a ll apparently PI objects from the South 
Galactic Pole photometry sample which l ie  beyond 50Dpc. 
have been collected in Table 5.3.2 which gives HU
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numbers, equivalent MK spectral types from the
photometry and distances determined on the assumption 
tha t they are PI ob jects .
j . 4  Detection o f Variable Ve loc ity  Stars
H i l l  e t al (1976) have described a method fo r
id e n t i fy in g  those stars in a sample which have a 
variab le  rad ia l v e lo c i ty .  The t ra d i t io n a l  technique has 
been to  compare a chi-square frequency d is t r ib u t io n
with the frequency d is t r ib u t io n  (histogram) of the 
observational data. D if fe re n t  values of the mean
variance fo r  constant ve lo c ity  are then' t r ie d  u n t i l  the 
best match between theo re t ica l and observed 
d is t r ib u t io n s  is obtained fo r  the region ju s t  before the 
maximum of the observed frequency d is t r ib u t io n .  In other 
words i t  is assumed th a t the observed histogram is
composed o f a centra l chi-square d is t r ib u t io n ,  
representing the observation of constant ve lo c ity  s ta rs , 
w ith  the add it ion  o f several non-central chi-square 
d is t r ib u t io n s  o f d i f fe re n t  mean variances, representing 
the variab le  s ta rs .  Unfortunate ly histograms are subject 
to  considerable d is to r t io n  by sampling e rro rs , 
e spec ia lly  i f  the data sample is f a i r l y  small, as is 
usually  true o f rad ia l ve lo c ity  samples.
-157-
Any technique intended to  id e n t i fy  the variab le
v e lo c i ty  stars in a sample is useful only i f  the data
are homogeneous. The stars  considered must a l l  belong to
the same s te l la r  group ( in  th is  case A stars or F 
s ta rs ) ,  must a l l  have been observed w ith the same 
spectrograph and must a l l  have a ve lo c ity  based on at 
least three observations with the same equipment. For 
such a sample the sum of squared residuals (S2) is 
computed fo r  each s ta r  from the f i r s t  three independent 
observations o f the s ta r  (successive observations are 
not considered to  be independent).
The method of H i l l  e t al (1976) compares the
cumulative d is t r ib u t io n  func tion  of the observational 
data with the expected cumulative d is t r ib u t io n  function 
of a central chi-square random variab le  w ith (n-1) 
degrees of freedom, where n is the number of spectra of 
each s ta r  used in computing ( ie  n = 3  here). The 
cumulative d is t r ib u t io n  function  o f the observational 
data is a p lo t  o f the p roportion , fobs » o f the to ta l  
number o f s tars  versus ^ ) /6 \  where is  an adopted 
.mean variance fo r  constant ve lo c ity  s ta rs . The expected 
cumulative d is t r ib u t io n  gives, fo r  any value of S ^ ./^  
the proportion o f a random sample from a chi-square 
d is t r ib u t io n  w ith (n-1) degrees of freedom which would 
have a value less than or equal to Then fo r  each
-158-
value o f derived from the observed rad ia l
v e lo c i t ie s  there corresponds a ce rta in  proportion, 
fobs > of the to ta l  number of stars observed and a 
th e o re t ica l p roportion , ftheo » expected from the
chi-square d is t r ib u t io n  of u n it  variance. A p lo t  of 
fobs vs ftheo w i l l  be a s t ra ig h t  l in e  fo r  the region of 
the diagram occupied by constant ve lo c ity  stars 
provided tha t the mean variance has been co rre c t ly  
chosen. I f  the value chosen is  too small then the 
f ra c t io n  observed w i l l  be less than expected and the 
re la t io n  w i l l  be curved convex!y towards the ftbeo ax is . 
I f  the value chosen is  too large then i^bs w i l l  exceed 
the expected f ra c t io n  and the re la t io n  w i l l  be curved 
concavely towards the f^beo ax is . Beyond the region o f 
the diagram occupied by constant ve lo c i ty  stars the 
re la t io n  w i l l  deviate from a s t ra ig h t  l in e  by an amount 
dependent on the proportion o f variab le  ve lo c ity  stars 
in  the sample. Thus, in p r in c ip le ,  the id e n t i f ic a t io n  
of variab le  ve lo c i ty  stars in a sample may be made by 
p ick ing  an i n i t i a l  ca lcu la t in g  fops and f^peo-»
comparing them, ad jus ting , and repeating the procedure 
u n t i l  a value o f dr, is  found which gives the most l in e a r  
^obs vs f^beo re la t io n .  Then any s ta r  in  the sample fo r  
which the standard dev ia tion  from the mean ve lo c ity  
exceeds (S^  is l i k e l y  to be a variab le  ve lo c ity  s ta r .
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In  p rac t ice  those stars fo r  which d  4 d < 2d are 
assigned 'p oss ib le ' variab le  status and those fo r  which 
6“  ^ 2(f are described as 'probable' variab les. A problem 
may arise  w ith the A stars as the lower ro ta t iona l 
v e lo c it ie s  and la rg e r  number of measurable spectral 
l ines  of the Am and Ap stars compared with normal A 
stars resu lts  in a much lower mean variance fo r  the Am 
and Ap types. Thus the Am/Ap stars must be considered 
separate ly. In  th is  case the only stars observed in 
s u f f ic ie n t  numbers fo r  such an analysis were the Pop.I A 
and F s ta rs .
Those stars in the ve lo c ity  sample with ve lo c i t ie s  
based on three or more independent spectra were d iv ided 
in to  groups of A s tars  (A0-F4) and F stars (F5-F6) 
and the sum o f the squared residuals found from the 
f i r s t  three independent observations fo r  each s ta r .  
There were no known Am or Ap stars in the A s ta r  sample. 
Had there been th e i r  presence would have been 
betrayed by d is c o n t in u i t ie s  in the p lo t  o f f^^s vs 
ftheo • No such d is c o n t in u i t ie s  were noted. The f i n a l l y  
adopted values o f f o r  the A and F s ta rs , along with 
the number of stars present in each sample are given in 
Table 5.4.1 as are thé ' percentages of the to ta l  samples 
designated possible and probable variab les . For both 
the A and F s ta r  samples the to ta l  percentage o f
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(possible + probable) s tars is about 49% (in  each case 
33% possible and 16% probable). This can be compared 
w ith the resu lts  of H i l l  et al (1976) fo r  th e i r  North 
Galactic  Pole sample. From a much la rge r F s ta r sample 
they deduced th a t about 45% were variab le  and from an A 
s ta r sample s l ig h t l y  smaller than th a t presented here 
they found about 40% to  be variab le .
The possible and probable variables in the present 
sample are given in Table 5 .4 .2 . None of these could 
be id e n t i f ie d  in the General Catalogue of Variable Stars 
(Kukarkin e t al 1976).
5.5 The w-Ve1ocity D is t r ib u t io n  of the A-F stars a t the 
South Galactic  Pole
5.5.1 Selection o f Sample
In  order to  study the w -ve loc ity  d is t r ib u t io n s  o f 
the A-F stars at the South Galactic  Pole the rad ia l 
ve lo c ity  sample presented in chapter 4 was f i r s t  
separated in to  i t s  cons tituen t sub-systems on the basis 
of uvbyp photometric data as described ■ above. Where 
possible the photometry was taken from the sample of 
chapter 3, w ith  n in e 's ta rs  having uvbyp indices taken 
from the catalogue o f Hauck and Merm ill iod (1980). 
Those stars fo r  which no photometry was ava ilab le  could
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not be segregated in to  sub-systems and were excluded 
from the subsequent ana lys is . I t  was decided not to  
expand th is  ve lo c ity  sample using ve lo c it ie s  from other 
sources, since no other source provided s u f f ic ie n t  
overlap fo r  i t s  in t r in s ic  ve lo c ity  system to be checked 
against tha t of the sample presented here.
The rad ia l ve lo c ity  sample was f i r s t  d iv ided in to  
groups of B, A0-A5, A6-F4, F5-F6 and F7-F9 s ta rs . The
radia l v e lo c i t ie s  o f the B stars are not well known and 
they were dropped from the analysis at th is  stage. Each 
group was then s p l i t  in to  sets of PI, Am, iP I I ,  P I I ,
and horizonta l branch s ta rs . ‘ Unknowns' were re jected
at th is  stage,There are no Fm stars or white dwarfs in 
the sample. In  p r in c ip le  the study of the ve lo c ity  
d is t r ib u t io n s  should be based on an homogeneous sample 
o f constant rad ia l ve lo c i ty  s ta rs , each ve lo c ity  being 
based on at leas t three Independent observations. Due 
to  the l im ite d  sample ava ilab le  stars with vé loc ités 
based on only two observations were included in the 
ana lys is , although they were i n i t i a l l y  kept separate
from the sample o f stars with three or more
observations. Stars w ith 3+ observations which were 
indicated as 'probable ' variables by the analysis of 
section 5.4 were excluded from subsequent analysis as 
were those w ith only two observations which s a t is f ie d
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the same c r i t e r ia .  As a consequence of these various
segregations w ith in  the i n i t i a l l y  small sample the
f in a l  samples were in many cases too small to  be
stud ied. Only unevolved PI stars were ava ilab le  in
s u f f ic ie n t  numbers and the res t of th is  discussion 
re fers to them.
5.5.2 w -Velocity  D is t r ib u t io n  fo r  Unevolved A-F Stars
I t  is assumed hereafte r th a t the observed rad ia l 
v e lo c i t ie s  o f stars w ith in  15° o f the pole are
equivalent to v e lo c i t ie s  perpendicular to the plane,
the actual co rrec t ion  being small. For a s ta r  at the 
South Galactic  Pole the observed s te l la r  ve lo c ity ,  
re la t iv e  to  the sun, in the standard frame of reference
in which ve lo c i ty  increases towards the North Galactic 
Pole is  given by W = -v^, where v^  = rad ia l v e lo c i ty .
The samples of PI A and F stars were d iv ided in to  
groups o f s tars w ith 3+ observations and those w ith  2 
observations, the A0-F4 stars being considered as one 
group and the F5-F9 stars as another ( a l l  the A stars 
and a l l  the F s tars were combined as a re s u lt  o f the 
small sample sizes).- The Smirnov te s t  (Conover 1971) 
was used to e s tab lish , w ith 95% confidence, th a t the 
d is t r ib u t io n s  o f s tars  w ith 3+ and 2+ observations
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iw ith in  300pc. fo r  the A stars and 200pc. fo r  the F 
stars  (the e f fe c t iv e  l im i ts  of the samples) were the 
same. Consequently a l l  samples o f stars w ith 3+ and 2 
observations were combined and the A0-A5, A6-F4, F5-F6 
and F7-F9 stars considered separate ly. For each o f 
these fou r groups the d is t r ib u t io n s  of stars w ith in  
d i f fe re n t  distance bands were studied and mean and rms 
v e lo c i t ie s  determined. The Cramer-von Mises Goodness of 
F i t  te s t  (Conover 1971) was used to estab lish  at the 
95% confidence level tha t each d is t r ib u t io n  in each 
distance band is  gaussian. The Smirnov te s t  was then 
used to  es tab lish  th a t ,  fo r  each distance band the 
d is t r ib u t io n s  o f A0-A5 and A6-F4 stars were the same, 
and the d is t r ib u t io n s  o f F5-F6 and F7-F9 stars were the 
same , at the 95% confidence le v e l .  The Cramer-Von 
Mises Goddness o f F i t  te s t  was used at the 95% level to 
confirm th a t these combined d is t r ib u t io n s  were 
gaussian.
The combined A sta rs  samples in d i f fe re n t  distance 
bands were shown to  have the same gaussian 
d is t r ib u t io n ,  as were the combined F s ta r  samples in 
d i f fe re n t  distance bands. Again the Cramer-von Mises 
and Smirnov tes ts  were used at the 95% le v e l .  
Consequently a l l  the A stars were combined in to  a 
s ing le  sample fo r  which the mean and rms ve loc ity  were
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calculated. This was also done for the F stars. The 
results of these tests and combinations are summarised 
in Table 5.5.1. The samples in some cases were too 
small for any significant test to be performed and 
consequently the mean and rms are excluded from the 
table. On the basis of this small sample there is no
evidence for a non-gaussian velocity distribution  
within 200pc. of the plane for the PI A or F stars.
5.5.3 Comparison with the North Galactic Pole
H ill et al (1979) have studied the velocity 
distributions of a large sample of A and F stars at the 
North Galactic Pole. They found the velocity 
distributions of PI A and F stars to be in reasonable 
agreement with the model of Camm (1950,1952), which 
requires an increase of velocity dispersion with 
distance from the plane. By comparison of their 
velocity data with that of Eggen (1961) for stars 
within 40pc of the sun (of which there were none in
their sample) they found possible evidence of an
increase in rms velocity with distance from the plane 
for stars within 20Gpc. The mean and rms velocities of 
their sample of PI A and F stars within 200pc. are 
shown in Table 5 .5 .1 . The agreement with the values 
derived here is excellent considering the much smaller 
samples available in the present work.
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Not all of the H ill et al NGP velocity data has yet 
been published, but using the selection procedures 
described above their published velocity data (H ill et 
al 1976) was used in conjunction with their published 
photometry (H ill et al 1982} to produce samples of PI A
and F stars within 200pc. of the plane. These are 
slightly  different from the samples used by H ill et al 
1979. Mean and rms velocities were calculated (see 
Table 5.5.1) and the Cramer von-Mises test used to 
establish (at the 95% level) that the distributions are 
gaussian.
From these reduced samples the mean and rms
velocities for the A stars are about 1.7kms  ^ larger than
those found by H ill et al (1976) and those from the SGP 
sample. However the Smirnov test confirms at the 95% 
level that these distributions are the same as those of 
the equivalent SGP stars. Consequently NGP and SGP
samples were combined and the resultant distributions
shown to be gaussian ( Cramer-von Mises at 95% level)
The mean and rms velocities for the combined NGP and
SGP samples are shown ,in Table 5.5.1.
The sun's motion towards the NGP is generally
taken to be w^ =7_+l kms^  . The velocity of an object
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towards the NGP is given by-
w = W+Wgj
where W is the objects velocity relative to the sun. The
mean w velocities for the A and F stars are given in
Table 5.5.2. Taking account of the errors in these 
means, i t  appears that there is no net motion of the A 
stars in the perpendicular direction, but possibly a 
small streaming motion of the F stars at a few kms^
towards the NGP.
5.6 Velocity and Population
The Stromgren index is a m etallicity indicator 
and the iP Il and PII stars are known to be metal 
deficient relative to the PI stars. They are also
expected to have higher mean and rms velocities. 
Consequently a plot of cfm'^  vs W for a large sample of 
stars may show specific groupings of PI, iP II and PI I 
stars. To test this such a plot was made, using data on 
SGP stars with photometry and velocities based on two or 
more observations. Only 2 iP II and no PI I stars 
satisfied these c r ite r ia , and the sample was augmented 
by the 13 iP II stars from the NGP sample which did. No 
suitable PII stars were found in the NGP sample. 
The resultant plot is shown in Figure 5.6.1. The iP II 
stars are easily identified by their low metal 1 ic i ty,
-167-
and clearly show a much larger range of W velocities 
than the PI stars. For the samples used in plotting the 




W (kms^  ) (w ^ ) no.stars 4
PI -5.6 11.6 82
iP II -5.9 26.5 15
I t  must be stressed that the samples (especially vj
of iP II stars) are small, but i t  is clear that, in 
addition to th e ir low metal 1 ici ties , iP II stars are
distinguished from PI stars by th e ir  W-velocity 
dispersion, which is roughly twice that of the PI stars.
Note also that the W velocities of these two samples are 
essentially the same, and imply minimal net motion 
perpendicular to the plane for both the iP Il stars and 
the PI stars.
- '   ' ■— " '' ' i- J--:  ^ ‘ÜL Æ'ii ■ j- .Jr. , . ,  ' ./
5.7 Limitations of the Velocity Uistriputions
5.7.1 The Non-Unique Nature of The Gaussians
In a preceding section the W velocity distributions of
the PI A and F stars were discussed in an analysis of
combined samples of NGP and SGP velocity data. I t  was shown
that both the A and F stars have velocity distributions
which are well f it te d  by gaussians with mean and dispersion
-Jof -6.4 and 11.Ü kms. for the A stars, and -4.1 and
~1 j10.9 kms for the F stars. Given the crucial role of the f
dispersion in the determination of the local mass density i t
is important to consider any other solutions which the data
may permit. Consequently attempts were made to f i t  other
gaussians to both the A and F star data, the Cramer
Von Mises Goodness of F it  test being used at the 95%
confidence level to determine whether or not such f its  were
compatible with the data.
I t  was found that , although the gaussians given above 
produced by far the best f i t s ,  there were alternatives. The 1
results of these tests may be summarised as follows: For the 
A stars, with the mean taken at -6.4kms , the allowable 
dispersions lay in the range ll+4kms^. For the F stars with -I
—1the mean taken at -4.1kms , the allowable dispersions lay
in the range lU.9j^3kms\ By holding the dispersions constant 
- 3. —"7at ll.Ukms and lU.9kms respectively the allowable ranges
—Î  ii n the means were for the A stars and +ikms for the
F stars. (From the nature of a gaussian i t  is to be expected
that only a small range in the mean would be acceptable.)
These small ranges in acceptable means are comparable with
the errors in the means of the observed distributions.
The allowable variations in the dispersions are of most
significance here, and the effect of such variation must be
considered. For a distribution with constant dispersion,
Kz = w^£_(ln (v/vo)^) 
dz
where the subscripted variables refer to the ith  mass 
component of the Galactic system being considered. From this  
Kz, the system force law, is found, and the local mass
density is obtained by inserting solar neighbourhood values 
i nto,
(fisr + Kr + (Rz = -4rtGjp
W ~ W ~ ^
In the solar neighbourhood, since w^  ^ is constant in the
case considerdd)
d[Kz = W'^A, A = [ (f^ (In (v/vo): )]o 
dz dzF
and [dkz]o >> [ dKr + Kr]e
dz dr r
%Thus pg = w^A , where A is a constant. |
I f  the dispersion of the appropriate sub-system is
' I  - i-llkms , a variation of +lkms in this dispersion w ill
change the resultant mass density by -2ü%. ( cf H ill et a l,
1979, who found, using a modified model due to Camm { 1950,
1952 ), that a change of +^ lkmi. in the dispersion of th e ir
PI F star sample would require a change of ^25-30% in the
mass density. However, such a change in dispersion, was not
allowed by th e ir data. A sim ilar dependence of mass density
on dispersion is shown in Bahcall (1984), where a d ifferen t
model is applied to the H ill et al data.) For the combined
NGP and SGP data used here a dispersion change of j4kms^
would a lte r by ^100%.
I t  is apparent from the above that the current velocity 
data is too ambiguous to be used in the determination of po, 
as i t  cannot be demonstrated that the adopted velocity 
distributions are unique, and small uncertainties in the 
adopted dispersions produce significant uncertainties in p^.
5 .7 .2 The Existence of Contaminants
The presence of 'contaminants' in the observed PI 
velocity distributions has been discussed in Chapter 1, with 
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of apparently normal PI stars at large distances from the
1
with z distance found by H ill et al (1979), and the presence jÿi
galactic plane. By f it t in g  composite gaussians to the Iavailable data, attempts were made to impose lim its on the |
possible proportions of such contaminants in the data |
samples, the Cramer Von Mises Goodness of F it  test being 
used at the 95% level to test i f  these f i ts  were compatible 
with the observed distributions.
Two possible contaminants were considered, the f i r s t  
having a dispersion of 30kms.^ , comparable with that for the
'c lassical' P II stars, and the second a dispersion of 
6Ukms.\ comparable with that found for the PI A stars |  
at large z distances by, for example. Pier (1983). The 
former case is of particular interest as Bahcall (1984) has 
managed to obtain a good f i t  to the F star density 
distribution of H ill et al (1979) out to 500pc. by adding a 
5% contaminant with this dispersion to the 'normal' PI 
distribution.
For the f i r s t  case (dispersion 30kms ), i t  is found 
that the A star data w ill allow a contaminant of up to 35%, 
and the F star data permits a contaminant of up to 25%. For 
the second case (dispersion 6ükms") the A star data permits 
a contaminant of up to 25%, and the F star data up to 20%.
(64% jL I
The implications of these results are that the 
available velocity data do not permit the identification of 
small gaussian contaminants with the quoted dispersions. In 
fac t, as found in the preceding section, the data do not 
define a unique gaussian distribution, but can be quite well 
f it te d  by a number of d ifferent gaussians and sums of 
gaussians. Thus these contaminants may well exist, but the 
present data can not identify their presence.
5.8. Space Density Distribution and Galaxy Models
5.8.1 Observed Space Density Distribution
From photometric data such as that presented here i t  
is , in principle, possible to determine the space density 
distributions of the various s te lla r  groups observed. For an 
accurate determination of ^he space density the s te lla r  
sample must include a ll stars of the required type in a 
given volume of space ie  a volume lim ited sample. For 
example i f  a ll A stars in a cone of known angle, out to a 
specified distance have been observed then the sample is 
complete within the volume defined by the cone. Obviously a 
large sample is required. The numbers of stars within given 
distance bands are counted and, the volumes of space 
associated with each distance band being known, the space 
density as a function of distance is obtained out to the
 '
lim it  of the sample. The space density distribution as 
a function of z distance is normally given relative to the 
value in the solar v ic in ity . I t  must be stressed that in 
order to do this the sample must satisfy the following 
requirernents-
1/ I t  must be complete, ie a ll stars of the desired type 
within a defined volume must have been observed, and their  
distances known accurately.
2/ I t  must be large, (c f H ill et al (1979) who derived the 
distribution of a ll F stars within 500pc. of the plane 
with more than 2500 stars per distance band.)
3/ The space density at the sun must be well known i f  the 




The photometry presented here gives data on^’600 stars 
of spectral types B-F8, brighter than -^lOm, within «-ll * of 
the SGP. H ill et al (1982d) have presented sim ilar data for 
^1000 B-F5 stars brighter than-^11.5m within 15^ of the 
NGP. By combining these samples the A and F star space 
density distribution as a function of height, z, from the 
galactic plane may be estimated for illu s tra tiv e  purposes. 
Note that these estimates are not based on complete volume 
lim ited samples and require the (as yet unproven) assumption 
that the s te lla r  distributions are symmetrical about the
» 6
plane. H i l l  e t al (1979) have used the data o f Upgren (1962, 
1963) and the Yale Catalogue (H o f f le i t  1964) to  ob ta in  the 
z d is t r ib u t io n  o f a l l  A and F s ta rs  ( P I , ip I I  and P II)  out to  
'-ôüOpc. (the  F s ta rs  being defined as those o f type F5-F8). 
For comparison purposes the combined P I, iP I I  and P II data 
are used here to  g ive composite space dens ity  d is t r ib u t io n s  
fo r  the A and F s ta rs , determined so le ly  from uvbyp data 
a t the NGP and SGP, the space d e n s itie s  in  the plane being 
found from the photometry o f Olsen (E.H. Olsen, 1983, A s tr . 
and Ap. Supp. 134). Olsen gives uvbyp photometry fo r  
•^15,000 A5-G0 s ta rs  b r ig h te r  than 8.3m, se lected from the 
HD catalogue. To ob ta in  space d e n s itie s  a t the sun from th is
data requ ires the assumptions th a t a l l  A s ta rs  have the same
Mv as do a l l  F s ta rs . The numbers w ith in  50pc, o f the sun 
are then estim ated from the photometry to  g ive the number 
d e n s itie s . Since O lsen 's A s ta r  sample is  incomplete fo r  
s ta rs  e a r l ie r  than A5, the f in a l A s ta r  d is t r ib u t io n  was 
renorm alised to  the plane by averaging the number counts
fo r  s ta rs  w ith in  50pc. o f the plane from the g a la c tic  pole
data.
The re s u lta n t dens ity  d is t r ib u t io n s  are shown in  F igures
5.8.1 and 5 .8 .2 , along w ith  the d is tr ib u t io n s  determined by 
H i l l  e t  al (1979). The inadequacies o f the new d is tr ib u t io n s  
are obvious and to  be expected in  view o f the incomplete 
nature o f the samples ( in c lu d in g . O lsen 's ) used in  th e ir  
determi na tion .
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5.Ü .2 . Comparison w ith  Galaxy Models
Two cu rre n t galaxy models w i l l  be considered here, 
namely th a t o f H i l l  e t  al (1979) (h e re a fte r the HHB model), 
and th a t o f Bahcall (1984) (h e re a fte r the Bahcall model). 
The general d is t r ib u t io n s  o f m atte r in  the two models are 
q u ite  s im ila r  , but th e ir  approaches are d if fe re n t .  Both 
re q u ire  as in p u t the re la t iv e  p ropo rtions  and v e lo c ity  
d ispers ions in  the plane o f the observed components from 
which the model is  constructed . From these the model 
computes a p o te n tia l from a s o lu t io n  o f  the Poisson- 
Boltzmann equation and uses th is  to  ob ta in  a f i t  to  the 
observed F s ta r  d is t r ib u t io n  o f H i l l  e t al (1979). The best 
f i t t i n g  model is  then used to  p re d ic t the loca l mass 
dens ity^  p^. H i l l  e t al (1979) used Camm's (1950,1952) 
a n a ly tic a l s o lu tio n  o f the Poisson-Boltzmann equation 
whereas Bahcall solved i t  num erica lly .
In th is  work the HHB model is  used to  p re d ic t the A and 
F s ta r  d is t r ib u t io n s  fo r  th ree  values o f the lo ca l mass 
dens ity  (0 .10 ,0 .14  and 0.185 M ^pc^),using the v e lo c ity  
d ispers ions and re la t iv e  p roportions in  the plane adopted 
by H i l l  e t aï (1979) fo r  the P I, iP I I  and P II s ta rs . 
(Namely P I : iP I I :P I I  is  0 ,9 6 :0 .0 4 :0 .0  fo r  the A s ta rs  and 
0 .87 :0 .12 :0 .01  fo r  the  F s ta rs , w ith  the fo llo w in g  
d ispe rs ions- A s ta rs : PI 7.3kms ; iP I I  1 3 .2kms , F s ta rs :
-1  — 1 - 1  PI 10.4kms ; iP I I  13.2kms.; P II 30.0kms .)  This i l lu s t r a te s
the e ffe c t  o f a v a r ia t io n  o f on the space density
d is t r ib u t io n  o r, converse ly, the e f fe c t  o f a v a r ia t io n  in
space dens ity  d is t r ib u t io n  on the derived lo ca l mass
d e n s ity . The value o f U.lAM^pc fo r  is  th a t obtained by
H i l l  e t al (1979) by f i t t i n g  th e ir  model to  the observed F .
s ta r  d is t r ib u t io n .  Bahcall (1984) obtained the value o f
Ü.185 by f i t t i n g  h is  model to  the same data. The p red ic ted
and observed d is t r ib u t io n s  are shown in  F igures 5 .8 .3  (A
s ta rs ) and 5 .8 .4  (F s ta rs ) .
The observed A s ta r  d is t r ib u t io n  cuts across the 
p red ic ted  d is t r ib u t io n s  out to  *v250pc. a f te r  which i t  f i t s  
the 2o “  U .l8 5 M a p c ^d is tr ib u tio n , although not very w e ll.  
The observed F s ta r  d is t r ib u t io n  bears no resemblence to  
any o f the p re d ic tio n s , in c lu d in g  th a t fo r  = 0.14M^pc^, 
which gave the best f i t  to  the H i l l  e t al (1979) F s ta rs . 
The comparisons are com patible w ith  the known incompleteness 
o f the observed d is t r ib u t io n s ,  which w i l l  tend to  
underestimate the tru e  d is t r ib u t io n s ,  the discrepancy 
increas ing  w ith  z d is tance.
Bahcall (1984) has used h is  model to  produce th ree  
forms o f the Kz law corresponding to  the cases o f 1) a 
galaxy w ith  massive halo (h is  b e s t - f i t  model to  the HHB 
data) g iv in g  9 5  = 0.185MoPC^, 1 1 ) a galaxy w itho u t a massive
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halo , g iv in g  = U.24Mopc^ and i l l )  a galaxy w ith  a l l  
unseen m atter d is t r ib u te d  in  the same way as the 
in te r s te l la r  medium, g iv in g  -  U.245M^pc^. These fo rce  
laws have been used to  p re d ic t the z d is t r ib u t io n s  o f the A 
and F s ta rs , w ith  the d ispers ions and p roportions in  the 
plane given by H i l l  e t al (1979). They have also been used 
to  p re d ic t the A s ta r  d is t r ib u t io n s  fo r  the case where PI A 
s ta rs  have the h igher d ispers ion  found here (-^llkms ). 
P red icted and observed d is t r ib u t io n s  are shown in  F igures 
5 .8 .5a , 5.8.5b (A s ta rs ) and 5 .8 .6  (F s ta rs ) .
F igure 5 .8 .5a shows the observed A s ta r  d is t r ib u t io n  
w ith  the p re d ic tio n s  o f B a h ca ll's  model assuming a PI A s ta r
3v e lo c ity  disperson o f 7.3kms , w h ile  F igure 5.8.5b shows the
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p re d ic tio n s  fo r  a PI A s ta r  d ispers ion  o f ^ ilkm s  . The 
observed A s ta r  d is t r ib u t io n  o f H i l l  e t al (1979) is  a lso 
shown. In the f i r s t  case the model underestimates the 
observed space d e n s itie s  beyond about 2ÜU pc, and in  the 
second case i t  overestim ates i t  fo r  a l l  d is tances. For the 
F s ta rs  the observed d is t r ib u t io n  from the g a la c tic  poles 
photometry, does not f i t  any o f the models,but the 
d is t r ib u t io n  o f H i l l  e t al (1979) does f i t  the models fo r  
po=ü.lü5 and 0 .24M(ppc^ out to  -^3U0pc, a f te r  which the 
observed d is t r ib u t io n  is  underestimated. Because o f the 
known incompleteness o f the  photometric samples used to  
derive  the dens ity  d is t r ib u t io n s  given here, the fa i lu re  o f
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the models to  f i t  these d is t r ib u t io n s  is  not s u rp ris in g . 
However, fo r  the d is t r ib u t io n s  o f H i l l  e t al (1979) both the
Bahcall models w ith  pQ=0.185 and U .24l^pc^ and the HHB
model w ith  p^=U.14M^pc^ f i t  the F s ta r  d is t r ib u t io n s  ( to  
3ÜÜpc fo r  the Bahcall models and 500pc. fo r  the HHB model.) 
However, fo r  the A s ta r  d is t r ib u t io n  o f H i l l  e t al only one
o f B a h ca ll's  models f i t s  the observations a t a l l  ( th a t fo r
an In te r s te l la r  m edium -like d is t r ib u t io n  o f unseen m atter 
and an adopted PI v e lo c ity  d ispers ion  lower than th a t found 
from the g a la c tic  poles v e lo c ity  data) and th is  only f i t s  
to  200pc. S im ila r ly ,  the best o f the HHB models only f i t s  
the observations out to  '^24Upc. The im p lic a tio n  is  th a t 
there  is  something unusual about the A s ta r  d is t r ib u t io n  
when compared w ith  th a t o f the corresponding F s ta rs . 
Possibly the sample is  contaminated in  some way (eg by la rge  
v e lo c ity  d ispe rs ion  PI s ta rs  or ra is - id e n t if ie d  HB s ta rs ) , or 
the A s ta r  d is t r ib u t io n  may be In t r in s ic a l ly  odd. I t  appears 
In  any case th a t the A s ta rs  are not s u ita b le  as a tra c e r 
fo r  the determ ination o f Kz and 9^  u n t i l  th e ir  space and 
v e lo c ity  d is t r ib u t io n s  are b e tte r  understood.
These are the only recent models which are s p e c if ic a lly  
concerned w ith  the s te l la r  d is t r ib u t io n  perpend icu la r to  the 
plane. They have been used to  ob ta in  the most recent 
determ inations o f the lo ca l mass d e n s ity , based on the same 
observed d is t r ib u t io n  o f F s ta rs  a t the NGP, In view o f the
la rge  discrepancy in  the values o f the lo ca l mass density  
obtained these determ inations o f m e rit more a tte n tio n .
The HHB model makes use o f Camm's (1950,1952) so lu tio n s  
fo r  a s e lf -g ra v ita t in g  disk in  which the v e lo c ity  d ispers ion  
increases w ith  d istance from the p lane. The a va ila b le  
evidence fo r  such an increase has been discussed in  Chapter 
1, and i t s  assumption by H i l l  e t al (1979) is  reasonable, 
given the a va ila b le  data. However Camm's so lu tio n s  are v a lid  
only fo r  a s e lf -g ra v ita t in g  (one-component) d isk in  which 
the p o te n tia l f e l t  by the mass whose d is t r ib u t io n  the model 
p re d ic ts  is  the p o te n tia l due to  th a t mass. I t  is  not v a lid  
i f  applied to  a multi-component galaxy and used to  p re d ic t 
the d is t r ib u t io n  o f one component, as each component 
responds to  the p o te n tia l due to  a l l  the components. Thus, 
although i t  provides a remarkably good f i t  to  the observed F 
s ta r  d is t r ib u t io n ,  i t  cannot be regarded as a v a lid  model o f 
the galaxy (Bahcall 1984).
Bahcall (1984) obtained a value o f =0.1 . ÜU24^pc^
by f i t t i n g  h is  model to  the F s ta r  d is t r ib u t io n  o f H i l l  e t 
al (1979). The f i t  is  e x c e lle n t out to  200pc. However he 
appears to  have made no allowances fo r  the fa c t  th a t th is  F 
s ta r  d is t r ib u t io n  is  a composite o f th ree d is t in c t  
components w ith  d if fe re n t  sp a ce /ve lo c ity  d is t r ib u t io n s . 
Instead he adopts the PI F s ta r  v e lo c ity  d ispe rs ion  fo r  the
1
sample and makes the assumption th a t the v e lo c ity
d is t r ib u t io n  is  isotherm al out to  a t le a s t 200pc. (Beyond
20üpc. the H i l l  e t al data h in ts  a t an increase in  v e lo c ity
d is p e rs io n .) Bahcall obta ins a b e tte r  f i t  to  the F s ta r  data
out to  ^ôüüpc. (and a h igher value o f p© ) by assuminga 5%;
contaminant w ith  a d ispers ion  o f 30kmi^ in  h is adopted F
s ta r d is t r ib u t io n .  Since the sample i t s e l f  contains ^12%
—iiP I I  s ta rs  w ith  d ispe rs ion  o f 1 3 .2kms (o r poss ib ly  as much 
-■Ias 27kms -  see sec tion  5 .6 ) and-^1% P II w ith  d ispers ion  o f 
—3'~3Ukms , th is  b e tte r  f i t  obtained by adding h igher 
d ispers ion  contaminants is  to  be expected since the data do 
indeed con ta in  such contam inants. Note however th a t a llow ing  
fo r  contaminants gave Bahcall a b e tte r  f i t  to  the F s ta r 
d is t r ib u t io n ,  but a lso a h igher value o f increasing  the 
discrepancy between h is  and previous determ inations o f the 
lo ca l mass d e n s ity .
metal 1ic
Evolved Pop.I
H orizonta l Branch
In term edia te  Pop.II
Pop.II
Table 5 .2 .1 .
Photometric C la s s if ic a tio n  C r ite r ia  
Type C r ite r io n
-0.08 <d"m^ -0.05




Not Horizonta l Branch 
0.05 C dm^  < 0.08 
Not Horizontal Branch 
dm^  >y 0.08
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Table 5 .2 .2 .
P ho tom etrica lly  Odd Stars
HD No. cfc^ dm^ comments
19 6 1 a normal?20 20 11 IP II50 -10 -1 c normal?/Am?91 -11 1 c normal?203 7 0 a normal?258 11 4 a normal?306 9 4 a normal?343 21 -1 a d normal?465SE 14 4 a normal?590 7 1 a normal?605 6 1 a normal?719 6 -1 Am899 16 1 d normal?1086 12 -1 Am1097 -17 -16 c Am?1431 19* -1 Unknown VAR1464 20 8 d IP II1482 6 2 d normal1498 8 1 d normal1541 15 -2 Am1580 9 2 a normal1616 -2 -6 Am1619 0 -6 Am VAR1858 3 6 IP II2026 0 -8 Am VAR2037 15 6 IP II2080 8 1 a normal2131 4 6 IP II2178 22 4 a normal2240 17 1 a normal2337 9 5 a normal2348 -11 -4 a c d normal ?2415 312* -4 unknown2477 10 6 1PII2527 29 1 ePI2528 14 3 a normal2554 17 1 d normal2613A 12 4 d normal2613B -13 -5 Am?-low C|2615 9 6 ip i i  ’2641 -1 -7 Am2724 ' 21 0 Am?2797 -29 -14 a c d unknown2799 24 0 HB
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Table 5.2.2,
HD no. * 1 comments
2810 11 2 a normal2859 11 4 a normal2978 11 1 a d normal3017 4 4 a normal3085 -10 -3 c normal VAR?3135 2 -8 Am3180 3 6 iP II3186 90* -5 b d e sdFG?3217 0 2 d normal3300 13 5 a d normal3604 6* -5 unknown?/Am?3621 9 6 d iP II3735 6 7 iP II3736 29 4 ePI3762 61 3 d normal3783 4 1 a normal3864 17 2 a normal3885 23* -6 unknown3999 -1 -8 Am4011 32 3 ePI4052 9 -3 a normal4073 4 1 d normal4157 26 5 a normal4158 29 8 iP II4289 15 2 a d normal4397 2 9 PII4417 9 1 a normal4485 7 3 a normal4689 12 2 a normal4731B 8 0 d normal4772 36 4 HB VAR4876 17 -6 d Am?4966 4 8 iP II4983 -7 3 c d normal5057 2 1 d normal5061 33* 0 e HB5250 24 3 ePI?5251 12 2 a normal5423 10 -1 a normal5508 5 9 PII5643 18 8 iP I l5737 72* -1 unknown VAR5865 9 2 d unknown5868 5 6 iP I l6069 -4 0 d normal6292 24 3 ePI6340 14 0 a normal
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Table 5.2.2,
HD no. cfc^ dm| comments
6427 5 -1 a d normal
6451 3 -5 Am
6532 -9 -3 Am
6790 5 1 a normal
7487 -21 1 c d normal?
7607 9 6 iP II
7676 -12 -7 a c Am?
7739 11 2 a normal
7875 18 -6 d Am
7932 3 1 a normal
8033 1 -2 a normal
8351 16 -1 Am
8380 6 -10 Am
8415 -19 -1 a c d unknown
8932 -4 -9 Am
8976 5 -8 Am
9132 53* -67 b d e AIV? VAR
9451B -4 9 PII VAR9793 9 9 PII
9918SE -16 -5 a c Am/unknown?
10148 23 0 Am/ePI?10178 7 0 a normal
10433 22 -1 a normal11398 13 -1 a normal
223466 -3 -9 Am














In term edia te  P o p .II.
P o p .II.
Evolved P o p .I.
Am s ta r .
H orizonta l Branch. 
Apparently normal MS s ta r . 
Variab le  v e lo c ity . 
E (b-y)<-0 .03.
E(b-y)>0.100.
c f C | < - 0 . 0 5 .
Photometric Variable? dpo.28
-172-
If,.., I " '
D is tance
Table 5 .3 .1 ,
Population as a Function of Height 
SGP
A Stars F Stars
(pc .) iP II/P I P II/P I Am/PI iP II/P I P II/P I
0-99 0.05 0.03 0.08 0.11 0.04100-199 0.02 — ” 0.10 0.03 0,01
200-299 0.01 — — " 0.03 0.03 M — M
300-399 — “ -- 0.14 ---- - " “
Pop.I
D istance
(p c .) B/A F/A
0-99 0.05 1.26100-199 0.04 1.05
200-299 0.02 0.36
300-399 0.03 0.07
Combined SGP and NGP samples
A Stars F Stars
Distance
(pc .) iP II/P I P II/P I iP II/P I P II/P I
0-99 0.04 0.00 0.12 0.02100-199 0.03 0.01 0.08 0.01200-299 0.03 0.00 0.07 0.02300-399 0.00 0.00 0.10 0.02400-499 0.04 0.00 0.25 0.04500-999 0.16 0.01 0.44 0.06
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Table 5 .3 .2 .
PI s ta rs more than 500 pc. from the plane,
HD MK Distance V
Number Type (pc .) mag.
157 B9 886 10.68
1999 B9 817 8.29
2846 FO 571 10.52
4052 AS 509 10.59
4157 AO 705 9.59
4327 A4 556 9.51
4329 A2 593 10.12
4485 A2 531 10.52
5496 89 914 10.57
5546 A5 636 10.23
6340 A2 508 8.99
7876 F6 510 10.05
10646 A9 534 10.34
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Table 5 .4 .1 .
D e tection  o f V e lo c ity  Variables 










Table 5 .4 .2 . 









































Mean and rms V e lo c it ie s
South G a lactic  Pole
distance no. W rms. no.obs.
(pc .) s ta rs (kms  ^ ) (km si) per s ta r
0-300 29 -6 .2 10.4 3+
0-300 49 -6.7 10.2 2+
0-200 46 -6 .2 9.6 2+
0-99 25 -7.7 9.3 2+
100-199 21 -4.5 9.4 2+
F5-F9
distance no. w , rms no.obs.(p c .) s ta rs (km si) (km si) per s ta r
0-300 13 -2.8 10.0 3+
0-200 19 -4 .2 12.1 2+
0-99 14 -6 .9 10.06 2+
s ta r d istance no. W , rmstype (p c .) stars (kms?) (km si)
A0-A5 0-300 13 -4.7 13.4
A6-F4 0-300 36 -7 .5 8.1
0-99 22 -8 .4 8.2
100-199 13 -6.6 7.5
F6-F6 0-300 14 -8 .0 11.1
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Table 5 .5 .1 .
North G a lactic  Pole 












-6 .0  
-7.7
rms















































w .(kms  ^ ) 
-6 .4
rms












Table 5 .5 .2 ,
w-v e lo c ity  d is t r ib u t io n  of PI s ta rs w ith in  200pc
A0-F4 
I. w  ^ rms
F5-F9
no no rms
11.1 138 -2.9 10.9
-179-
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Figure 5 .1 .1 .





The cross-hatched areas are those for which no 
reddening data are available out to 400pc.
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Figure 5 .2 .1 .
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The solid line  is the in trins ic  colour line from 




Figure 5 .2 .2 .







- 0 2 0 0 ( b _ y 3  0 2 0.4 0
The solid line is the in trins ic  colour line from 
Crawford (1975, 1978, 1979) and H ild itch et al (1983).
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Figure 5 .2 .3 . 




2 6  -
- 0.2 GO 02
Cb-y3
04
The solid Une 1s the in trin s ic  colour line from 
Crawford (1975, 1978, 1979) and H ild itch et al (1983).
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Figure 5 .6 .1 .
- W v e lo c i ty  fo r  SGP PI and iP I l  stars
0 . 1 4
0.10
0 . 0 8
0 . 0 6
A 00 O0 . 0 4
0.02
A  A  ZA A  A A  A  A&0.0
A i
- 0 . 0 4
—50 —40 —30 —20 10 10 20 30 500 40
—IW V e l o c i t y  (kms >
Diamonds represent iP lI stars and triangles represent PI stars.
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Figure 5 .b . l ,









Triang les  in d ica te  d is t r ib u t io n  from g a la c t ic  pole 
photometry. Diamonds ind ica te  d is t r ib u t io n  given by 
H i l l  e t  al (1979)
J
Figure 5.W.2. 
Observed F Star D is t r ib u t io n s
z ( p c . )
Triang les in d ica te  d is t r ib u t io n  from g a la c t ic  poles 
photometry. Diamonds in d ica te  d is t r ib u t io n  given by 
H i l l  e t  al (1979).
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Figure 5 .8 .3 . 




( p c . )
S o lid  l in e :  model w ith  o f 0.1 . Broken l in e :  
model w ith  o f  0.14. Dotted l in e :  model w ith
o f 0.185. T r iang les ind ica te  observed d is t r ib u t io n  
from g a la c t ic  poles data.
%
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Figure 5 .8 .4 .








z ( p c . )
Solid line: model with of O .i. Broken line: 
model with of 0.14. Dotted line: model with 
gg of 0.185. Triangles indicate observed distribution  
from galactic poles data.
i<P4.4
Figure 5.8.5a.
Bahcall Model: Predicted A Star D is t r ib u t io n s  




- 1 0 .
"1
— 1G
z  ( p c . )
S o lid  l in e :  model w ith  o f  Ü.185. Broken l in e :  model 
w ith  o f 0.24. Dotted l in e :  model w ith  o f 0.245. 
Triang les  in d ica te  observed d is t r ib u t io n  from g a la c t ic  
poles photometry. Ovals ind ica te  observed d is t r ib u t io n  
o f  H i l l  e t al (1979).
Figure 5.8.5b.
Bahcall Model: Predicted A Star D is t r ib u t io n  





z ( p c . )
S o lid  l in e :  model w ith  o f  Ü185. Broken l in e :  model 
w ith  o f  0.24. Dotted l in e :  model w ith  ç© o f 0.245. 
Triang les  In d ica te  observed d is t r ib u t io n  from g a la c t ic  
poles photometry. Ovals Ind ica te  observed d is t r ib u t io n  
o f  H i l l  e t  al (1979).
i(P4, é
Figure 5.Ü.6.




* - b  _
Z ( p c . )
Solid line: model with of 0.185. Broken line: model 
with çiç, of 0.24. Dotted line: model with g© 0.245. 
Triangles indicate observed distribution from galactic 
poles photometry. Ovals indicate observed distribution  
of H ill et al (1979).
Chapter 6 
Gond usion








6.1 The North Ga lactic  Pole Catalogue
The catalogue o f fa in t  blue stars presented in 
Appendix I has been compiled from a l l  major post-1947 
surveys of f a in t  blue s tars w ith in  15° of the North 
Galactic  Pole. I t  covers a nominal magnitude range of 
13m-17m although i t  is not expected to give complete 
coverage of a l l  blue objects in th is  region 
which f a l l  w ith in  the required magnitude range because 
o f:
i )  the non-central pos it ion  o f the pole in the 
m a jo r ity  o f the o r ig in a l  surveys,
i i )  m is - id e n t i f ic a t io n s  and n o n - id e n t if ica t io n s  of 
objects in the o r ig in a l  surveys leading to  the 
omission o f f a in t  blue objects from the surveys 
and the inc lus ion  of non-existent ob jects , 
i i i )  The vague nature of the colour c la s s i f ic a t io n s  
in many o f these surveys, which leads to  
u nce rta in t ies  in the assignment o f ' f a i n t  blue' 
status to  many of the s ta rs .  (Eg. many of the 
Luyten Blue s tars were subsequently found to  be 
o f spectra l type G.) 
i v )  the uncerta in t ies  in the magnitudes quoted in 
the o r ig in a l  surveys which tend to 'b lu r '  the 
upper and lower l im i ts  of the catalogue- stars
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which l i e  outw ith the required magnitude range
w i l l  be included and stars o f the appropriate if4
magnitude w i l l  be excluded.
In  order to  minimise errors in the catalogue due to
i i i )  and iv )  above the l i t e r a tu r e  was searched fo r  
accurate pho to e le c tr ic  photometry and/or spectral 
c la s s i f ic a t io n s  fo r  the catalogue s ta rs . Where 
ava ilab le  these provided more accurate magnitudes and 
spectra l types. In  add it ion  a l l  catalogue stars w ith in  
3° of the pole were assigned spectral types on the basis 
o f ob jec tive  prism and grism spectroscopy. Any objects 
not found on these prism and grism plates were 
ind icated in the catalogue, reducing the errors due to 
m is id e n t i f ic a t io n .  Any objects of spectral types la te r  
than G were also excluded.
The problems o f non-central surveys and incomplete 
surveys can only be removed by a new survey centred on 
the pole, p re fe rab ly  making use of high q u a l i ty  
o b jec t ive  prism plates to id e n t i fy  the true  blue stars 
in the region.
6.2 South Galactic  Pole Catalogue
The uvbyp photometry of 572 0-F8 stars at the South
187-
G alac t ic  Pole, presented in Chapter 3, was combined 
w ith the rad ia l ve lo c ity  data on these stars 
presented in Chapter 4. The re s u lt in g  catalogue of 
pos it ions , photometric indices, reddenings, spectra l 




























Spectral Type from Michigan Spectral 
Catalogue
Spectral Type from uvbyB photometry 
G alactic  Longitude 
Ga lactic  La titude  
V e loc ity  (kms^)
Standard Error in Ve loc ity  (kms*)
From the data contained in th is  catalogue the mean
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i n t e r s te l la r  reddening towards the pole has been found 
to  be E (b-y)=-0 .004+0.003, in good agreement with the
HI/GC method o f Burstein and Heiles (1982) and the
photometric f ind ings  o f Perry and Johnston (1982). 
Equivalent MK spectra l types assigned on the basis of 
uvbyp photometry have been shown to  agree extremely 
well w ith true  MK c la s s i f ic a t io n s *  and a number of 
non-PI stars in the sample have been id e n t i f ie d  from
th e i r  photometric ind ices . In add it ion  a l i s t  of
photometrica lly  normal PI stars more than 500pc. from 
the plane has been compiled. Deta iled  spectroscopic 
observation o f these objects would be o f in te re s t in the 
l ig h t  of the apparent dominance o f such stars out to 
Ikpc. from the plane. Considering the evidence fo r  a 
th ick  disk of 1PII s tars which should s ta r t  to dominate 
ju s t  beyond th is  p o in t,  i t  is important to  determine the 
co rre la t ion  between photom etr ica lly  defined population 
groups and those defined spec troscop ica lly .
6.3 Space D is t r ib u t io n s  Perpendicular to  the Plane
The re la t iv e  proportions of various types o f s ta r  
have been determined from the SGP data presented in 
Table 6 .2 .1 . The samples involved are small and 
possib ly incomplete, but i t  is evident th a t PI F stars 
greatly  outnumber PI A s tars w ith in  lOOpc. o f the 
plane, ye t by 200pc. the PI A stars are more numerous
-189—
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by a fa c to r  of three, and by a fa c to r  of fourteen at 
400pc. I f  these varia t ions  are real then the space 
d is t r ib u t io n  of PI A s tars must be ra d ic a l ly  d i f fe re n t  
from th a t fo r  the PI F s ta rs , with a much slower 
decrease in number density w ith increasing distance 
from the plane.
From the combined NGP and SGP sample the increase 
in  the numbers of iP I I  and PII stars beyond 400pc. is 
e a s i ly  seen. This presumably re f le c ts  the scale height 
o f the d isk . Beyond 500pc. there are fa r  more PI A 
stars re la t iv e  to iP II  A stars than is true fo r  the 
corresponding F s ta rs ,  the ra t io  of numbers of iP I I /P I  
F stars being roughly consistent w ith the Gilmore and 
Reid (1983) " th ic k  d isk "  of i p l l  s ta rs . Compared to  
th is  " th ick  d isk "  view of the Galaxy there appear to  be 
too many PI A s ta rs  beyond 500pc., re la t iv e  to  the 
numbers of iP II  s ta rs .  There appears, there fore , to  be 
some photometric evidence fo r  an excess of apparent PI 
s tars out to  a t lea s t Ik p c . ,  as reported by other 
authors (eg. Rodgers e t al 1981). I f  these stars fo l lo w  
the same d is t r ib u t io n  law as those nearer the plane 
then, e i th e r  the scalevheight of the PI A stars is  much 
greater than SOOpc., or the number of iP II  A s tars is |
I
much less than expected. j
i
■ ' -, V
6.4 V e loc i ty  D is t r ib u t io n s  Perpendicular to  the Plane
6.4.1 South Ga lactic  Pole
I t  has been shown tha t a l l  o f the normal PI A stars 
w ith in  200pc. of the Sun share a W -velocity
d is t r ib u t io n  which is f i t t e d  by a gaussian with
W=-6.22kms^ and rms dispersion of j^9.6kms^ (from 46
s ta rs ) ,  and the corresponding PI F stars share a
d is t r ib u t io n  which is  f i t t e d  by a gaussian with
W=-4.19kmsf and rms dispersion o f jfl2.1kms^ (from 19
s ta rs ) .  Although the samples involved are small and
probably incomplete there is no evidence fo r  any
devia tion from these gaussian d is t r ib u t io n s ,  e i th e r
w ith  spectra l type or distance from the plane.
6 .4 .2  Combined D is t r ib u t io n  of North and South Galactic 
Pole Stars
The mean and rms W v e lo c i t ie s  fo r  SGP PI A and F 
s tars agree remarkably well w ith those given by H i l l  e t 
al (1979) fo r  a la rg e r  sample of s im i la r  NGP s ta rs , and 
also w ith those determined here from the published NGP 
v e lo c i t ie s  (H i l l  e t al 1976), Combining the SGP sample 
w ith the published NGP* data the d is t r ib u t io n s  at both 
poles are shown to  be equivalent fo r  PI A stars w ith in  




the A and F s ta r  cases the ve lo c ity  d is t r ib u t io n s  w ith in  
200pc. are well f i t t e d  by gaussians and show no .evidence 4
of dev ia tion  from those gaussians. There is there fore  no «
evidence from the ava ilab le  data to suggest the !
»
existence of non-gaussian ve lo c ity  d is t r ib u t io n s  w ith in  ^
200pc. of the plane, or o f d is t r ib u t io n s  composed of 1
more than one gaussian. The existence of higher 
ve lo c i ty  d ispersion 'contaminants' o f the loca l ;
W -velocity d is t r ib u t io n  is  not supported by these data.
6.4.3 Im p lica t ions
Taking the so la r w -ve loc ity  to  be 7+1 kms^  there is 
no suggestion of streaming o f PI A stars throughthe 
g a la c t ic  plane, and any apparent motion on the part o f 
the PI F stars can be a t t r ib u te d  to  the errors (at least 
j%2kms^  ) in the net w -ve loc ity  o f the F stars determined 
here.
Therefore, the normal PI A and F s ta rs , ly in g  
w ith in  200pc, o f the ga lac t ic  plane and less than 15° 
from the SGP fo l lo w  s im i la r  gaussian v e lo c i ty  
d is t r ib u t io n s .  There is  no evidence fo r  non-gaussian 
behaviour in the present samples, and no strong 
evidence fo r  any net motion o f stars through the 
ga lac tic  plane.
/ s.""-. .
6.5 Future Work
The obvious p r io r i t i e s  are the completion o f the 
SGP survey, to  give uvbyp photometry and rad ia l
ve lo c it ie s  fo r  a l l  0-F8 stars b r ig h te r  than 13m w ith in  
15° of the pole, and the completion o f the NGP 
extension to 17m. The la t t e r  should provide data on
objects beyond 2 kpc. from the plane, and should 
produce a subs tan tia l sample o f iP I I  stars from the 
proposed th ick  d isk . I t  should thus help to es tab lish
the true  s i tu a t io n  regarding the apparent excess of
Pop.I stars at large z distances.
Both surveys should lead to a be tte r  knowledge of 
the space and ve lo c i ty  d is t r ib u t io n s  of various
population groups, es tab lish  whether or not the ve lo c ity  
d ipsersion of a given population group does increase 
with z distance (and i f  i t  does, is  the e f fe c t  real or
due to contamination o f the sample), and f i n a l l y  lead to
a redetermination o f Kz and S'© using a t r u l y  
homogeneous, high q u a l i ty  data sample.
Other areas b r ie f l y  mentioned above which require 
a t ten t io n  are the c o r re la t io n  between photom etrica lly
and spectroscop ica lly  defined population groups, and 
the true nature o f the re la t io n sh ip  between kinematics
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and population. As more data becomes ava ilab le  on the 
perpendicular s truc tu re  o f the Galaxy and i t s  apparent 
anomalies, i t  becomes increas ing ly  l i k e ly  tha t the whole 
d e f in i t io n  of a s t e l la r  population w i l l  have to  be 
reconsidered.
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'Jus t  to s t i r  things up seemed a great reward In i t s e l f
Sa l lus t  c86-c35B.C.
-215-
I References
Ai tken, R,G. 1935, ' The Binary S tars ' ,
McGraw-Hill, New York.
Albrecht,  R. and Maitzen, H.M. 1980,
Astr.and Ap. Supple., 29,
Bahcal l, J.N. 1984, Ap.J, 276, 169.
Bahcal l, J.N. and Soniera, R.M. 1980,
Ap.J. Supple., 73.
Bahcal l, J .N.,  Schmidt, M. and Soniera, R.M. 1983, 
Ap.J.,  _2^, 730.
Becker, W. 1970, Astr.and Ap., _9, 204.
Becker, W. 1980, As tr .  and Ap., 8_7, 80.
Bernat, J.S, and P ie rso l ,  A.G. 1971,
' Random Oata: Analysis and Measurement Procedures',
Wi ley-Intersc ience. New York.
Blaauw, A. 1978, 'Astronomical Papers Dedicated to B. 
Stromgren' .
Bok, B.J. 1983, Ap.J.,  273, 411.
Brault ,  J.W. and White, O.R. 1971,
Astr.and Ap., 169.
Burstein, D. 1979, Ap.J. ,  234, 829.
Burstein, D. and Hei les, C. 1982, A s t r . J . ,  1165.
Camm, G.L. 1950, M.N.R.A.S., 110, 305.
Camm, G.L. 1952, M.N.R.A.S., 112, 155.
Chiu, L-T.G., 1980a, Ap.J.Supple,,  _44, 31.
Chiu, L-T.G., 1980b, A s t r . J . ,  812.
Conover, W.J. 1971, ' Pract ica l  Non-parametric 
S t a t i s t i c s ' ,  Wiley, New York.
Crawford, D.L. 1973, T.A.U. Symposium #54, p93.
-216-
Crawford, D.L. 1975, A s t r . J . , 955.
Crawford, D.L. 1978, A s t r . J . ,  48.
Crawford, D.L. 1979, A s t r . J . ,  M ,  1858.
Crawford, D.L. and Mander, J.V. 1966,
A s t r . J . ,  21» 114.
Crawford, D.L. and Barnes, J.V. 1970,
A s t r . J . ,  2§, 978.
Crawford, D.L .,  Mavrid is ,  L.N. and Stromgren, B. 1979, 
Abh.der Hamburger Sternwarte, 2£» 82.
Eelsalu, H. 1958, Tartu Astr.Obs.Pub., 33, 153.
Eggen, O.J. 1961, R.Obs.Bul l . ,  #5.
Gilmore, G. 1984, M.N.R.A.S., 207, 223.
Gilmore, G. and Reid, l .N .  1983,
M.N.R.A.S., 202, 1025.
Gould, E. and Vandervoort, P.O. 1972,
A p .J . , 21» 360.
Gray, D.F. 1976, ‘ The Observation and Analysis o f 
S te l l a r  Photospheres', Wiley, New York.
Griesen, E.W. and Harten, R.H. 1981,
Astr.and Ap.Supple., 371.
Gronbech, B. and Olsen, E.H. 1976,
Astr.and Ap.Supple, 25» 213.
Gronbech, B. and 01 sen, E.H. 1977,
Astr.and Ap.Supple, 21» 443.
Harding, G.A., Fahim, F. and Haslam, C.M. 1971,
R.Obs.Bul l . ,  #165.
Hartkopf,  W.I. and Yoss,. K.M. 1982, A s t r . J , ,  _87, 1679.
Hauck, B, and Mermil l iod , M. 1980,
Astr.and Ap. Supple., 40,1.
Hei les, C. 1976, Ap.J.,  2M» 379.
217-
%H i ld i t c h ,  R.W., H111, G. and Barnes, J .V . 1976,
M.N.R.A.S., 176, 175.
H i ld i t c h ,  R.W., H i l l ,  G. and Barnes, J.V. 1983,
M.N.R.A.S., 204, 241.
H i ld i t c h ,  R.W., McFadzean, A.D., H i l l ,  G. and
Barnes, J.V. 1984, I .A .U .  Symposium #106, D.Reidel,
Dordrecht.
H i l l ,  E.R. 1960, B.A.N., 1.
H i l l ,  G. 1982a, Pub.D.A.O., 16, 59.
H i l l ,  G. 1982b, Pub.D.A.O., j 6 ,  67.
H i l l ,  G. 1982c, REDUCE Users Manual, D.A.O.
H i l l ,  6. 1982d, Pr ivate Communication
H i l l ,  G., A l l i so n ,  A., Odgers, G.J., Pfannenschmidt,
E.L. ,  Younger, P.F. and H i ld i t c h ,  R.W. 1976,
Mem.R.A.S., _82, 69.
H i l l ,  G., H i ld i t c h ,  R.W. and Barnes, J.V. 1979,
M.N.R.A.S., 186, 813.
H i l l ,  G., Ramsden, D. ,  Fisher, W.A. and 
Morr is,  S.C. 1982a, Pub.D.A.O., 16, 11.
H i l l ,  G., Fisher, W.A. and Poeckert, R. 1982b,
Pub.D.A.O., L6, 27.
H i l l ,  G., Fisher,  W.A. and Poeckert, R. 1982c,
Pub.D.A.O., 16, 43.
H i l l ,  G., Barnes J.V. and H i ld i t c h ,  R.W. 1982d,
Pub.D.A.O., 25» I
H o f f l e i t ,  D. 1964, Catalogue of Br ight Stars, !
Yale Univers i ty  Observatory.
Houk, N. and Cowley, A.P. 1982. ' .Universi ty
of Michigan Catalogue of Two-Dimensional Spectral 
Types', _3> Un ivers i ty  of Michigan.
House, F. and Kilkenny', D. 1978, Astr.and Ap., 21» 421.
I
-218-
Humason, M.L., and Zwicky, F. 1947, Ap.J.,  105, 85.
Ichikawa, T., 1981, Pub.A.S.Jap., 21, 107.
I r i a r t e ,  B., Johnson, H.L.,  M i tche l l ,  R . I .  and 
Wisniewski, W.Z. 1965, Sky.Tel esc., 30, 21.
Joeveer, M. and Einasto, J. 1976,
Tartu Astr.Obs.Teated, 54,77.
Johnson, H.L. and Morgan, W.W. 1953, Ap .J . , 117, 313.
Johnson, H.L.,  M i tch e l l ,  R . I ., I r i a r t e ,  B. and 
Wisniewski, W.Z. 1966, Comm.Lunar.PIanet,Obs.,
2 ,  99.
Jones, D.H.P. 1962, R.Obs.Bul l . ,  #52.
Jones, D.H.Pi 1972, Ap.J.,  178, 467.
Kapteyn, J.C. 1922, Ap.J.,  25» 302.
Keenan, F.P. and Dufton, P.L. 1983,
M.N.R.A.S., 255» 435.
Kel ly ,  B.D., Cooke, J.A. and Emerson, D. 1982, 
M.N.R.A.S., 199, 239.
Ki lkenny, 0. and H i l l ,  P.W. 1975, M.N.R.A.S., J73, 625. 
King, I .R .  1965, A s t r . J . ,  22» 396.
Knude, J. 1977, A p .L e t . , JL8» 115.
Knude, J. 1982a, (p r iva te  communication).
Knude, J. 1982b, p re p r in t  (unpubl ished).
Kron, R.G. 1978, Ph.D. Thesis,
U n ivers i ty  of C a l i fo rn ia ,  Berkeley.
Krug, P.A., Morton, D.C. and T r i t t o n ,  K.P. 1980, 
M.N.R.A.S., 290, 237.
Kukarkin, B.V., Kholopov, P.M., Federovich, V.P., 
Frolov, M.S., Kukapkina, N.P., Kurochkin, N.E., 
Medvedeva, G . I . ,  Pe'rova, N.B. and Pskovsky, Yu.P. 
1976, 'Th i rd  Supplement to the Third Edit ion of the 
General Catalogue of Variable Stars. '  , Academy of 
Sciences of the U.S.S.R., Moscow.
-219-
-220-
Kuzmin, G.G. 1952, Tartu Astr.Obs.Pub., 25, 55.
Kuzmin, G.G. 1955, Tartu Astr.Obs.Pub., 25, 3.
Luyten, W. 1968, M.N.R.A.S., U9,  221.
McCuskey, S.W. 1966, Vistas in Astronomy, ]_, 141,
Mihalas, D. and Binney, J. 1981, 'G a lac t ic  Astronomy',
2nd. Ed., W.H.Freeman, San Francisco.
Mikami, T. and Ish ida ,  K. 1981,
Pub.A.S.Jap., 25» 135.
Nahon, F. 1957, Bui 1.As t r .Par is  25» 55.
Nandy, K ., Reddish, V.C., T r i t t o n ,  K.P.,  Cooke, J.A. 
and Emerson, 0 .  1977, M.N.R.A.S., 178, 63p,
N ico le t ,  B. 1982, Astr.and Ap.Supple., _4I» 199.
Oort, J.H. 1932, B.A.N., 2» 249.
Oort, J.H. 1958, Ric.Astr.Specola Vaticana, 2» 415.
Oort, J.H. 1960, B.A.N., lb, 45.
Oort, J.H. 1965, ' Ga lact ic  S t ru c tu re ' , ed.A.Blaauw
and M.Schmidt, Un ive rs i ty  of Chicago.
Peir ,  J.R. 1983, Ap.J.Supple.,  25» 791.
Perry, C.L. 1969, A s t r . J . ,  74, 139.
Perry, C.L. and Johnston, L. 1982,
Ap.J.Supple.,  25, 451.
Peterson, B.A., E l l i s ,  R.S., Kibblewhite, E.J.,
Bridgeland, M.T., Hooley, T. and Herne, D. 1979,
Ap.J . ,  (Le t te rs ) ,  233, L109. I
P h i l l i p ,  A.G.O. 1972, Pub.A.S.Pac., 84, 677.
P r i t c h e t t ,  C. 1983, A s t r . J . ,  25» 1476.
Reid, l .N .  1982, M.N.R.A.S., 251» 51.
Reid, l .N .  and Gilmore, G. 1982, M.N.R.A.S., 221» 73.
Rodgers, A.W., Harding, P. and Sadler, E. 1981,
Ap.J . ,  244, 992.
Schmidt, M. 1975, Ap.J.,  22.
Sirnkin, S.M. 1974, Astr.and Ap., 129.
Stetson, P.B. 1983, A s t r . J . ,  j58, 1349.
Stokes, N.R. 1972, M.N.R.A.S., 155.
Stromgren, B. 1956, A s t r . J . ,  j&l, 45.
Stromgren, B. 1963, 'Bas ic  Astronomical Data ' ,  
ed.K.Aa.Strand, Un ivers i ty  of Chicago, p i 23.
Stromgren, B. 1966, Ann.Rev.Astr.and Ap. _4, 433.
Stromgren, B. 1976, ESO 'Messenger', #7, 12.
Tobin, W. and Ki lkenny, D. 1981, M.N.R.A.S., 1 # ,  937.
Tobin, W. and Kaufmann, J.P. 1984, M.N.R.A.S., 207, 369,
Turon-Lacarrieu, C. 1971, Astr.and Ap., JA, 95.
Tyson, J.A. and Ja rv is ,  J .F . ,  1979,
Ap.J. (Le t te rs ) ,  230, L153.
Upgren, A.R. 1962, A s t r . J . , ^ ,  37,
Upgren, A.R, 1963, As t r .J . ,_68 ,  194.
Van der K ru i t ,  P.O. and Searle, L. 1982,
Astr.and Ap., 110, 79,
Wayman, P.A, 1961, R.Obs.Bul l . ,  #36,
Wells, D.C., Greisen, E.W, and Marten, R.H. 1981, 
Astr.and Ap.Supple., _44, 363,
Wielen, R, 1974, 'H ig h l ig h ts  of Astronomy',
D.Reidel, Dordrecht, 3, 395.
Woolley, R.v.d.R, and Stewart, J.M. 1967,
M.N.R.A.S., _1^, 329.
Yoshi i ,  Y. 1982, Pub.A.S.Jap., 34, 365,
-221-
'You w i l l  f in d  i t  a very good pract ice always to ve r i f y  





The North Galact ic  Pole Blue Star Catalogue
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Appendix I :  NGP Blue Star Catalogue
Columns give: i )  name
i i )  RA (1950) in format hhmm 
i i i )  DEC (1950) in format ddmm 
iv )  Galact ic  la t i t u d e  
v) V magnitude (or equivalent) 
v i ) (B-V) i f  ava i lable
(o r ig in a l  survey values taken 
unless otherwise noted) 
v i i )  Spectral type i f  known 
v i i i )  Comments, inc lud ing other names, 
sources of photometry and spectral  
types.
- A I .2-
Names
TON : Chavira and I r i a r t e  (1957)
Chavira (1958)
LB : Luyten (1970)
ZL : Zwicky and Luyten (see above)
K : Noguchi et al (1980)
HZ : Humason and Zwicky (1947)
EG : Eggen and Greenstein (1965)
B : Steppe (1978)
FB : Greenstein and Sargent
I I  : Sletteback and Stock (1959) second
BU : Burbidge and Hewitt  (1980)
BF : Berger and Fringent (1977)
1 i s t
-A I.3-
Comments













I r i a r t e  (1959)
Eggen and Sandage (1965) 
Steppe (1978)
Noguchi et al (1980)
Slettebak and Stock (1959) 
Eggen and Greenstein (1965) 
Greenstein and Sargent (1974) 
Humason and Zwicky (1947)
Non-att r ibuted spectral  types are from U.K.S.T. 
prism/ St.Andrews grism p lates.
'NB' denotes no blue object w i th in  2 arcminutes 
of pos it ion  on U.K.S.T. prism p la te .
'NF' indicates no stars found w ith in  2 arcminutes 
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' In  two words: im possible*
Samuel Goldwyn
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Appendix I I :  The St.Andrews Grism
11.1 In troduction
11.1.1 Descrip tion  o f the Grism
A gra ting-prism  ( 'g r is m ')  consists of a blazed 
transmission g ra ting  used in conjunction with a th in ,  
low angle prism. The device is  placed in the converging 
beam of a telescope, near the focal plane. The gra ting  
d i f f r a c ts  the inc iden t l ig h t  and the prism corrects the 
coma, astigmatism and f i e ld  curvature which re s u lt  from 
the use of a d i f f r a c t io n  gra ting  w ith a non-collimated 
l ig h t  beam. The inc iden t l i g h t  from a po in t source is 
thus dispersed in to  a f i r s t  order spectrum plus a 
p o in t - l ik e  zero order spectrum and other spectra o f 
order greater than one. By fa r  the greatest percentage 
o f the inc ident l ig h t  is d i f f ra c te d  in to  the f i r s t  
order spectrum. The grism is  used In place of a large, 
expensive ob jec tive  prism fo r  intermediate f i e ld  (o f.5  -  |
2° .5 ) s l i t l e s s  spectroscopy and produces a s im i la r  
re s u l t .
11 .1.2 Grism Development
Hoag and Schroeder (1970) t r ie d  to obtain low 
dispersion spectra (~1000A°/mm) in the wavelength range 
3200A° to 5000A° , over a f i e ld  o f 30 minutes o f arc
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using a prism and, independently, a blazed transmission 
g ra ting  in the converging beam close to the focal plane 
of a telescope. The prism was re jected fo r  th is  purpose 
due to the excessive aberrations (notably coma) 
produced by a prism in a converging beam. The 
aberrations of a g ra ting  used in th is  way are much
smaller, but are s t i l l  s ig n i f ic a n t ,  espec ia lly  at
h igher d ispers ions. Hoag and Schroeder found th a t a 
g ra ting  used in the converging beam near the focal 
plane produced both a f i r s t  order image, the s te l la r  
spectrum, and an almost p o in t - l ik e  zero order image.
The zero order image provided a useful reference point 
fo r  wavelength measurements as i t s  pos it ion  re la t iv e  to 
the f i r s t  order image was a constant fo r  the p a r t ic u la r  
g ra ting/te lescope combination used.
Bowen and Vaughan (1973) showed tha t the 
aberrations which l im i t  the use of a gra ting in a 
converging beam could be s ig n i f i c a n t ly  reduced i f  the 
g ra ting  is  preceded by a low angle prism, o rien ta ted  
such th a t i t  d e f lec ts  the inc iden t l ig h t  in  the 
opposite d ire c t io n  to  the de f le c t io n  produced by the 
g ra ting , w ith  the \  upper surface of the prism 
perpendicular to  the o p t ica l axis of the telescope. The 
prism is  aligned re la t iv e  to the gra ting  in such a way 
th a t i ) the po in t of zero coma in the f i r s t  order
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images l ie s  a t the centre of the image, thus minimising 
the coma, and i i )  the f i e ld  curvature and astigmatism 
are zero fo r  the two ends o f the spectral range 
considered, and as small as possible in between. Any 
residual astigmatism w i l l  spread out the spectrum 
perpendicular to  the d ire c t io n  o f dispersion and w i l l  
thus tend to  widen the spectra. This residual 
astigmatism and any residual f i e ld  curvature may be 
reduced by using a coarse gra ting  at a large distance 
from the focal plane. The use of the prism produces a 
new focal plane which is not perpendicular to  the 
op tica l axis of the telescope. Thus the detector system 
(usually  a photographic p la te )  must be t i l t e d  to  
compensate fo r  t h is .  The d ispersion obtained is
l in e a r ly  p roportional to  the distance between the
gra ting  and the foca l plane. D if fe re n t  dispersions may 
thus be obtained by moving the instrument along the 
op t ica l axis o f the telescope. In  order to  prevent 
extra re f le c t io n s  w ith in  the system, Bowen and Vaughan 
suggested th a t the g ra t ing  be rep lica ted  d i r e c t ly  to
the prism, or at leas t cemented to  i t .
Buchroeder (1974) has designed two s im i la r
gra ting-prism  instruments fo r  the K.P.N.O. 4.2m Mayall 
telescope. Both designs give d ispersion of 1500 and 
3000A°'/mm, w ith a f l a t  un vignetted f i e ld  of 30 minutes
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of arc, one design being fo r  the blue wavelength region
(3200-5200A® ) the other fo r  the red (6000-7000^). In
these designs residual astigmatism is corrected by %
separating the g ra ting  from the prism and ad jus ting  
th e i r  re la t iv e  pos it ions  to obtain minimum aberra tion , 
Buchroeder's design report also includes a wealth of 
d e ta i l  on the behaviour and properties of gratings and 
prisms in converging beams, and provides a descrip t ion  
o f the fundamentals of grism design.
Hoag (1976) has used a grism s im ila r  to  those 
designed by Buchroeder to obtain spectra at about 
2300A°/mm over the spectra l range 45Ü0-6900A* w ith the #
Mayall telescope, g iv ing  a f i e ld  o f 30 minutes of arc.
He describes a major problem with the technique o f 
g ra ting  s l i t le s s  spectroscopy, namely the crowding of 
the f i e ld  caused by the overlapping of zero and f i r s t  
order spectra. For example, zero order images of 
objects too f a in t  to  produce recordable f i r s t  order 
spectra can be mistaken fo r  emission features when 
superimposed on the f i r s t  order spectrum o f other 
ob jects . This confusion can generally be avoided by 
tak ing  two or mor.e grism p la tes, w ith d i f fe re n t  
o r ien ta t ions  o f the d ire c t io n  of d ispers ion, and 
re fe r r in g  to a d i re c t  p la te  of the f i e ld  fo r  
id e n t i f ic a t io n  purposes. Hoag also discusses the
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mestablishment o f a wavelength scale based on the 
pos it ions o f the zero order images and the emulsion 
c u t -o f f  of the photographic p la te  ( l l l a J  emulsions fo r  
example have a sharp c u t -o f f  a t about 5380A° ).
Buchroeder (1977) has presented two grism designs 
fo r  use with the 3.8m A.A.T., one g iv ing  a dispersion 
of 1350/C /mm, the other a dispersion o f 560/C /mm. Both 
designs give a useable f i e ld  of 1° diameter and are 
designed fo r  the spectra l range 3400-6900A° . The second 
design is  fo r  an anastigmatic grism ( th is  is achieved 
by seperating the g ra ting  and prism). For the lower 
d ispersion design astigmatism is  not as much o f a 
problem and the gra ting  is cemented to  the prism. Both 
designs require gratings o f 280mm diameter which are 
d i f f i c u l t  (and expensive) to make. I t  is  not known i f  
e i th e r  design was ever used.
F in a l ly ,  Greyer (1979) has given a ta n ta l is in g ly  
b r ie f  descr ip t ion  of a grism used w ith  a co ll imated 
beam. The p r in c ip le  is  the same: the blazed
transmission g ra t ing  produces the d ispersion and the 
th in  prism c o r re c ts ' . th e  aberrations and prevents 
dev ia tion  o f the spectra from the op tica l ax is . 
Unfortunate ly no d e ta i ls  o f i t s  performance are given.
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I I . 1.3 The St.Andrews Grism
The St.Andrews Grism was designed by E.H.Richardson 
at the Dominion Astrophsical Observatory, V ic to r ia ,  
(D.A.O.) s p e c i f ic a l ly  fo r  the St.Andrews James Gregory 
Telescope and manufactured by Bausch and Lomb. The 
gra ting  was made from a 44 groove/mm master ( o r ig in a l ly  
made fo r  the C .F.H.T.), and is blazed fo r  4000/C . The 
prism is made from a 160mm diameter blank of Schott 
UBK7 glass, w ith a wedge angle of f  .2, being 25mm th ick  
a t i t s  w idest. The two are cemented together, the 
o r ie n ta t io n  being such th a t the dispersions are 
a d d it ive ,  w ith the g ra ting  being on the s lop ing face of 
the prism and nearest the focal plane. This introduces 
a focal plane t i l t  of about 0° .415 in the same sense as 
the wedge (see Figure I I . 1). The grism produces useable 
spectra over a f i e ld  of about 2°.5 . The completed grism 
was delivered in A p r i l  1981 and immediately in s ta l le d  
on the telescope fo r  te s t in g .
I I . 2 In s ta l la t io n  and Tests
I I . 2.1 The James Gregory Telescope
The James Gregory Telescope (JGT) is a 
Cassegrian-Schmidt w ith  a 0.9m spherical primary and an 
0.45m spherical secondary, having a theo re t ica l f i e ld
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diameter of 4* .^ In  p ractice  th is  is  not a tta inab le  due 
to  the pos it ion  o f the focal plane ( ins ide  the 
telescope tube) and the n o n -a v a i la b i l i ty  of c i r c u la r  
photographic p la tes . As a re su lt  the e f fe c t iv e  f i e ld  
has a diameter o f about f  .5, w ith  a minimal amount of 
f i e ld  curvature being present as well as some coma and 
astigmatism. In order to reduce these the primary is  
generally stopped down to about 0.85m. Under perfect 
observing cconditions the best a tta inab le  image 
diameter fo r  a po in t source is about 3 arcseconds. For 
typ ica l conditions at St.Andrews th is  is increased to 
about 4 arcseconds. The telescope in i t s  current 
con figura tion  has been described by Van Breda (1970). 
In  preparation fo r  the grism's in s ta l la t io n  the p la te  
holder was adjusted to compensate fo r  a focal plane 
t i l t  of about 0° .4.
I I . 2.2 Grism Adjustment and Pre lim inary Tests
The grism was in s ta l le d  in the JGT at a distance of 
207mm from the focal plane g iv ing a dispersion of about 
llOOA^/mm. The o r ie n ta t io n  was such tha t spectra were 
aligned along the north-south axis, w ith the red end to 
the south. A visual estimate of the telescope focus was 
made using a ground glass screen in place of the p la te  
holder, a f te r  which a normal focus p la te was taken to 
es tab lish  an accurate focus. Minor problems due to
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pa in t  flakes from the telescope's focal plane shu tte r ,  
and a bent p la te  holder (producing a va r ia t ion  in focus 
towards the north-west corner of the p la te ) were 
iso la ted  and corrected.
A number o f te s t  plates were taken at various 
exposures, on unbaked I l l a J  plates to check the 
o r ie n ta t io n  and general performance of the instrument. 
For exposures longer than about 100 minutes the sky 
background becomes very pronounced and s ta r ts  to swamp 
the spectra. From p la te  #8 (100 minute exposure)
the fa in te s t  spectra which could be c la s s i f ie d  
d i r e c t ly  from the p la te  were those of objects estimated 
to  be about 14th magnitude. For c la s s i f ic a t io n  from 
microdensitometer scans th is  l im i t  is  estimated to be 
about 14th .5 magnitude. The fa in te s t  detectable s te l la r  
images fo r  d ire c t  photography w ith th is  telescope (100 
minutes on unbaked I l l a J )  were estimated to  be about 
16 th .5 magnitude.
L i t t l e  in the way of f in e  s tru c tu re  was apparent in 
any o f the spectra, although gross spectral features 
such as the Balmer jump were e a s ily  id e n t i f ie d .  Due to  
the re la t iv e ly  b r ig h t  p la te  l im i ts  on most o f these 
te s t  plates overcrowding of the f i e ld  was not a 
problem. Contamination of the plates by n o n - f i r s t  order
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spec tra, which can cause problems by obscuring, 
overlapping or in some cases mimicking the f i r s t  order 
spectra, was overcome by reference to a d ire c t  p la te  of 
the same f i e ld .
Careful examination of the plates indicated th a t 
the q u a l i ty  o f the spectra is e sse n t ia l ly  constant over 
the e n t i re  f i e ld  of 2°.5. Consequently the e f fe c t iv e  
grism f i e ld  was taken to be 2°.25 , a s l ig h t l y  
conservative estimate. On some plates i t  was noticed 
th a t the p la te  background was qu ite  high and varied 
s u b s ta n t ia l ly  w ith  pos it ion  in an unusual manner. This 
was at f i r s t  a t t r ib u te d  to u n id e n t i f ie d  smears on the 
upper surface o f the prism, but removal of these did 
not reduce the problem. Possibly th is  is a re su lt  o f 
sca tte r ing , of both s ta r l ig h t  and the high sky 
background, w ith in  the system. I t  has l i t t l e  e f fe c t  on 
d i re c t  c la s s i f ic a t io n  from the p la te but does have an 
adverse e f fe c t  on the automated microdensitometer 
search/scan routines mentioned in chapter 2 as these 
may id e n t i fy  large background f lu c tu a t io n s  as real 
i ma ges.
I I . 2.3 The D ispersion of the Grism
Parker (1982) has discussed the determination of
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the d ispersion curve fo r  the grism configura tion  
described above (grism at 207mm from focal plane). From 
measurements o f known spectra l features in s te l la r  
spectra whose pos it ions were found re la t iv e  to th e i r  
zero order images in microdensitometer scans he found 
the dispersion to be about 1150A°/mm at 4000/f . The
re su ltan t d ispersion curve fo r  the grism is
reproduced in Figure I I . 2.
I I . 3 The Grism in Research
I I . 3.1 Spectral C la s s i f ic a t io n
Plate #8 from the 1980/81 observing season was used 
to  assess the grism's performance fo r  the purposes of 
spectral c la s s i f i c a t io n .  Much use was made of 
microdensitometer scans, the spectra being sampled 
every 15pm, g iv ing  250 data points per spectrum. (For a 
more de ta iled  discussion see chapter 2 .) A number o f 
spectra v is ib le  on th is  p la te  were c la s s i f ie d  d i r e c t ly  
from the p la te  using a xlO magnifying eyepiece, from
microdensitometer scans using the computer con tro lled  
Joyce-Loebl and d i r e c t ly  from an unwidened U.K.S.T. 
p la te  o f the region (d ispersion about 2400A°/mm at HY). 
The c la s s i f ic a t io n s  we're based on the c r i t e r ia  given by 
Krug e t al (1980) and Ke lly  et al (1982). The re s u lt in g  
c la s s i f ic a t io n s  are given in Table I I . 1 from which i t
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can be seen tha t the agreement is s a t is fa c to ry .
However in every case c la s s i f ic a t io n  was found to 
be easiest when working from the U.K.S.T. plates since 
more of the shape and s truc tu re  of the spectra could be 
discerned on these lower dispersion p la tes . Of the two 
techniques applied to  the grism p la tes, c la s s i f ic a t io n  
from microdensitometer scan was fa s te r  and simpler, 
making f u l l e r  use of the spectral information 
ava ilab le . I t  seems i n i t i a l l y  s u rp r is in g . th a t  the lower 
dispersion U.K.S.T. ob jec tive  prism p la te  spectra show 
more d e ta i l  (and are thus more read ily  c la s s i f ie d )  than
the grism spectra a t almost twice the d ispers ion .
However, given the poor q u a l i ty  o f the St,Andrews s i te  
and the reso lu tion  o f the JGT optics i t  is not
su rp r is in g  th a t the d e ta i ls  in the spectra are smeared 
out and lo s t .
In  the spring  o f 1982 a number o f survey plates o f i
the North G alactic  Pole region were obtained on
hyper-sensit ised I l l a J  p la tes, baked in a n itrogen 
atmosphere at 65^C fo r  4 hours. The longest exposures 
obtained were 50 minutes (equivalent to  100 minutes on 
unbaked p la tes ) ,  the p la te  l im i t  fo r  d ire c t  
c la s s i f ic a t io n  being about 14th magnitude. These were 
used in conjunction w ith  an U.K.S.T. prism p la te  of the
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North Pole region to  provide c la s s i f ic a t io n s  fo r  known 
blue stars (chapter 2).
In  September 1982 the grism's pos it ion  in the 
telescope was adjusted to  a distance o f 315mm from the 
focal plane, to  give a d ispersion o f about 750A^/mm. A 
number of te s t  p lates were taken to  assess the 
performance at th is  higher d ispers ion . The resu lts  were 
extremely d isappo in ting . There was no apparent increase 
in the amount o f v is ib le  d e ta i l  and s truc tu re  compared 
with the lower d ispersion p la tes . An U.K.S.T. ob jec tive  
prism p la te  w ith  a d ispers ion of 1200/f /mm was ava ilab le  
by th is  time and th is  showed a substan tia l amount of 
d e ta i l  in the ind iv idu a l spectra- hydrogen l ines  in 
ea r ly  type s ta rs  being c le a r ly  v is ib le .  None of th is  
s truc tu re  was v is ib le  in grism spectra a t e i th e r  
1150A°/mm or 750/f /mm.
I I . 3.2 Galaxy Redshifts
Parker (1982) studied the grism's app lica t ion  to  
the determination o f galaxy red sh if ts  using the method 
described by Cooke (1980). E ssen tia l ly  the re d s h if t  is 
found from low d ispers ion spectra by measuring the 
displacements o f gross spectra l features, such as the 
4000A° feature , re la t iv e  to t h e i r  res t pos it ions . The 
inaccuracies o f the method are large ( about j^25,OOkms^ )
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and i t  is re a l ly  only su itab le  fo r  galaxies with 
redsh if ts  in excess of IB^OOOkms^.
The JGT grism has a l im i t in g  magnitude fo r  
microdensitometer scans of about 14m.5, which fo r  a 
typ ica l galaxy means a recession ve lo c ity  of less than 
10,000 kms .^. I t  the re fo re  seemed u n l ik e ly  th a t red sh if ts  
could be determined w ith any accuracy. Parker found his 
v e lo c i t ie s  fo r  a sample of galaxies in the Coma c lu s te r  
to  be in remarkable agreement w ith  published re su lts ,  
but in most cases the formal e r ro r  in his v e lo c it ie s  
was about h a lf  the measured v e lo c i ty .  This e rro r  is 
mostly due to the d i f f i c u l t y  in accurately measuring 
the separation between two points in a spectrum. Given 
the b lu r r in g  o f spectra l features caused by the s i te  
and telescope such large errors are to be expected.
I I .3.3 Conclusion
i )  JGT grism spectra show l i t t l e  in  the way of 
spectra l s tru c tu re  when compared with U.K.S.T. 
ob jec t ive  prism spectra at the same or lower 
d ispers ions. This is  a t t r ib u te d  to  the combined e f fe c t  
o f the telescope op tics  and poor seeing which smear out 
a po in t source in to  an image o f 4 arcseconds diameter, 
thus destroying any in t r in s ic  spectral d e ta i ls .  There
- A l l . 14-
lui ; ai:. 1'.'.I--.* .-•—  -1  .• L"_- .. '
is no advantage to be gained by using a d ispersion 
higher than 1150A*^  /mm as no more s truc tu re  is apparent. 
The only important e f fe c t  of a higher d ispersion is to 
spread out the spectrum and thus lower the p la te  l im i t .
i i )  Exposure times a t St.Andrews are l im i te d  mainly 
by the n ight sky brightness a r is in g  from the l ig h ts  of 
the town. The longest p rac t ica l exposure fo r  
hyper-sensit ised l l l a J  plates is about 50 minutes. For 
non-sensitised p lates i t  is about 100 minutes. At a 
dispersion of about 1150/f /mm th is  resu lts  in a p la te  
l im i t  fo r  c la s s i f ia b le  spectra of about 14th magnitude, 
or 14 th .5 magnitude i f  microdensitometer scans are used. 
The p la te l im i t  fo r  d ire c t  photography is 16th- 16 th .5 
magnitude.
i i i )  Spectral c la s s i f ic a t io n  is possible from plates 
taken with the grism mounted on the JGT. The technique 
of c la s s i f ic a t io n  from microdensitometer scans is to be 
preferred to  d i re c t  visual c la s s i f ic a t io n ,  and resu lts  
in an accuracy of about h a lf  a spectral class at best, 
w ith a p late l im i t  of about 14 th .5.
v i ) The ro le  of the grism in determining galaxy 
redsh if ts  is l im i te d  due to  the large errors involved 
and the inadequate magnitude l im i t  a tta in a b le .
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v) In p r in c ip le ,  fo r  a telescope with a small 
e f fe c t iv e  f i e ld  of up to 2^.5 diameter a grism is an 
exce llen t device fo r  low dispersion s l i t le s s  
spectroscopy over the whole of tha t f i e ld .  I t  has a l l  
the a t t r ib u te s  of an ob jec tive  prism, but is smaller 
and cheaper. The zero order images provide an extremely 
useful f ixed  reference po in t fo r  wavelength 
c a l ib ra t io n s .  Being mounted in te rn a l ly  i t  is less 
susceptib le  to  dust and damage than an ob jec tive  prism. 
The dispersion achieved can be eas ily  a lte red  by moving 
the grism re la t iv e  to  the focal plane o f the telescope. 
In  p ractice  the s i te  and telescope must be c a re fu l ly  
matched to the instrument, as is true fo r  ob jec t ive  
prisms . The reso lu tion  a tta ined at St.Andrews is  
in s u f f ic ie n t  fo r  the grism to perform properly .
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Table I I  .2. 
C la s s i f ic a t io n ;  Grism vs U.K.S.T. prism, 
Grism U.K.S.T.
ob ject d ire c t scan d ire c t
1 F F F
2 A early  F A
3 A A A
4 A-F F F
5 B B B
6 6 G G
7 B B B
8 F early  F F
9 A-F la te  A 1 ate A
10 A A early  A
11 mid-F la te  F F
12 F F F
13 la te  A-F early  F F
14 la te  F la te  F la te  F
15 A-F early  F A-F
16 ear ly  F early  F F
17 ea r ly  F la te  A F
18 F la te  F F
19 A A la te  A
20 A A A
21 la te  B-A A A
22 ear ly  F mid F F
23 mid F mid F F
24 early  F mid F F
25 m id-la te  F G G
26 A mid A A
27 la te  F G F
28 B A A
29 A A-early  F A
30 F la te  F F
31 B-A A A
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‘ But i t  does move '
G a lileo  G a l i le i
